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CHAPTER ONE 
 
Introduction 
 
GENERAL INTRODUCTION 
 
The technologic and economic development of human society requires an increase in 
metallic mineral supplies. These supplies require exploration of ore deposits and 
beneficiation of minerals, which release different kinds of contaminants into the environment. 
Iron-ore mining and processing, in particular, may cause adverse impacts in various 
environmental compartments, like in soils, air, ground and surface waters, flora and biota 
(Singh and Chowdhury, 1999; Ganihar, 2003; Banerjee et al., 2003; Fahraeus-Van Ree and 
Payne, 2005; Krishnaswamy et al., 2006; Kuki et al., 2008).  
Important pollutants released by mining operations are trace elements (metals and 
metalloids). In aquatic systems, water characteristics and geochemical properties of 
sediments regulate trace element speciation and bioavailability, thus affecting their transport 
and potential accumulation and effects in biota (Warren and Haack, 2001). Trace element 
contamination may have a severe impact on human health, due to the persistence and inherent 
toxicity of some elements (Nriagu, 1988).  
In this thesis, we explore the links between speciation of trace elements and their 
bioavailability in water systems receiving effluents from iron mining and ore processing. We 
also assess trace element accumulation, trophic transfer and potential toxicological effects in 
biota (macroinvertebrates and fish). For this, a specific mining site located in Brazil and a 
coastal lagoon that receives the final effluents have been used as a case study. The elements 
included in the study, apart from the main constituents (Fe and Mn), are those commonly 
present in mining activities and recognized as potentially toxic to aquatic biota (e.g., Cd, Cu, 
Ni, Pb, Zn, Hg, Cr, Al and As).  
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BACKGROUND AND APPROACH 
  
Study area  
Iron-ore is the source of primary iron for the world's iron and steel industries. Almost 
all (98%) iron-ore is used in steelmaking. Australia and Brazil together dominate the world's 
iron-ore production (Table 1.1) (UNCTAD, 2011), while China is the world’s largest iron ore 
consumer (Table 1.2) (CRU ANALYSIS, 2011).  In Brazil, the so-called ‘Iron Quadrangle’ is 
one of the most important iron-ore mining districts in the world. The Iron Quadrangle is 
located in an area of about 7,000 square kilometres, at the centre of Minas Gerais State, 
southeast of Brazil. It has important mineral reserves of iron-ore, manganese and gold (Dorr, 
1969). The eastern part of the Iron Quadrangle is characterized by commercial large scale 
iron-ore mining activities (Timbopeba, Germano and Alegria mines). The area is also 
scattered with gold occurrence with predatory small scale gold mining activities (prospectors) 
(Costa et al., 2003). A thick sequence of metamorphosed Precambrian sedimentary iron-
formations containing local concentrations of high-grade hematite occurs in this area 
(Maxwell, 1972). Although hematite is a mineral which chemical composition rarely differs 
from Fe2O3, some studies revealed the presence of minor and trace elements inside its iron 
formations, like Ca, Mg, Al, Mn, Cr, Cu, Ni and Au (Kessler and Müller, 1988; Cabral et al., 
2006). Some geochemical studies on mineral exploitation were able to assign these activities 
as the important sources of elemental contamination in the Iron Quadrangle (Veado et al., 
2000; Deschamps et al., 2002; Borba et al., 2003; Veado et al., 2006; Menezes et al., 2006). 
However, most of these studies have been focused on elements associated with gold mining 
known to cause serious human health risks, such as As and Hg. Investigations concerning the 
influence of iron-ore mining and processing activities on Fe and trace elements levels in 
water systems and the effects on bioavailability are scarce in the Iron Quadrangle.  
This study deals with the water resources influenced by the activities of the iron-ore 
mining and processing plant located in the southeast of Brazil, named Samarco Mineração 
S/A. Samarco has two industrial sites: a mining complex with a concentration plant, located 
in the Iron Quadrangle, Minas Gerais State (Germano Site), and a pelletizing plant with port 
facilities, located in Espírito Santo State (Ponta Ubu Site) (Figure 1.1). At the mining 
complex and concentration plant, the ore is prepared for the following phases of the 
production process (Figure 1.2). First it is crushed, then ground, and next its impurities are 
removed through a reverse flotation process. Effluents with high content of solids are 
produced and treated in two settling dams, named Germano and Santarém. The treated 
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effluents flow to Santarém Creek and reach the Gualaxo do Norte River, which is part of the 
Doce River hydrographic basin. A pipeline (396 km long), transports the ore mixed with 
water to the pelletizing plant. In this plant, the ore goes through filtration and then enters the 
pelletizing process. After undergoing heat treatment (firing) in the induration furnaces, the 
pellets are stockpiled before exportation to steelmaking industries. The industrial effluents are 
treated by flocculation and then go to an artificial lake called North Dam.  Periodically this 
artificial lake overflows into Mãe-Bá coastal lagoon. 
 
Table 1.1. World production of iron ore in 2010
a
  
Country Production (million tons) 
Australia 432.8 
Brazil 375.0 
China 315.4 
India 212.0 
Russia 101.0 
Ukraine 79.9 
South Africa 56.9 
United States 49.5 
Canada 37.5 
Sweden 25.3 
Kazakhstan 21.7 
Other countries 120.1 
Total world 1,827.1 
a
Adapted from UNCTAD, 2011  
 
 
Figure 1.1. Location map of the studied area. 
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Table 1.2. World consumption of iron ore in 2010
a
 
Country Consumption (million tons) 
China 878.5 
Russia and Ukraine 131.2 
Japan 131.0 
India 92.6 
South Korea 53.8 
Brazil 42.9 
Germany 40.6 
USA 39.0 
Middle East 30.5 
Eastern Europe 22.2 
Taiwan 18.6 
France 18.3 
Mexico 15.5 
Canada 13.2 
Italy 12.7 
Turkey 11.6 
United Kingdom 10.9 
South Africa 9.8 
Netherlands 9.2 
Other countries 132.0 
Total world 1,714.1 
a
Adapted from CRU ANALYSIS, 2011  
  
Mãe-Bá Lagoon is the second largest lagoon of Espírito Santo State. It provides water 
for recreation and disposal of sewage and industrial wastes. Fishery is intense in the lagoon 
and fish are consumed mainly by local population (Pereira, 2003). The closure of the 
superficial connection to the sea (in 1970), the construction of the pelletizing plant (in 1977) 
and the lack of sewage treatment (until 2010) are examples of important anthropogenic 
activities which have contributed to change its water quality over the last decades (Pereira, 
2003). The lagoon was also a drinking water source after conventional treatment for local 
communities (until 2004). Over time, community members have risen environmental and 
health concerns about contaminants released from the mining and pelletizing plant. Their 
major concern with respect to water contamination has been related with possible 
introduction of trace elements, especially heavy metals, into the lagoon ecosystem, with 
possible contamination of local biota and population (Malm et al., 2004). 
Monitoring regarding the content of trace elements in water, sediment and biota has 
been requested by the Environmental Agency of Espírito Santo State (IEMA – Instituto 
Estadual de Meio Ambiente), as a condition to receive permissions to operate the pelletizing 
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plant. Some studies have revealed the presence of trace elements in water and sediment of the 
North Dam and also in fish from the Mãe-Bá Lagoon (Malm et al., 2004; Rezende et al., 
2010). However, integrated investigations linking trace element contamination in Mãe-Bá 
Lagoon with the mining and processing industry as a potential source have not yet been 
performed. Moreover, information concerning chemical and physical processes that control 
the bioavailability and bioaccumulation of trace elements to the food chain and possible 
toxicological effects to fish is lacking. 
   
 
Figure 1.2. Concise flow sheet of Samarco’s productive process. 
 
Factors controlling trace element speciation and bioavailability in water and 
sediment  
Trace element fate and bioavailability - playing a key role in bioaccumulation and 
toxicity - are dependent of environmental factors that influence metal speciation. Water 
characteristics, such as pH, temperature, alkalinity, hardness, and the content of organic and 
inorganic ligands regulate the physico-chemical forms in which trace elements exist in the 
water phase, potentiating or attenuating the toxicological effects to biota (Wang, 1987; 
Tessier et al., 1994). Speciation has been modelled using the geochemical equilibrium theory, 
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as a supporting evidence to assess bioavailability. Chemical speciation models such as 
MINEQL (Westall et al., 1972), MINTEQA2 (Allison et al., 1992), WHAM (Tipping, 1994), 
and CHEAQS (Verweij, 2005) are usually applied to predict the relative element species 
distribution and competing elements as function of the constituents in water. With some of 
these models it is possible to evaluate, for example, if the complexation of trace elements 
with humic and fulvic acids naturally presented in aquatic environments reduces the free 
elements concentrations and, consequently, the toxicity (Kungolos et al., 2006).  
The bioavailability of sediment-associated contaminants is controlled to a large 
degree by certain physical-chemical properties of the sediments. Binding phases such as 
organic matter, carbonates, sulfides, and iron and manganese oxides may retain trace 
elements and reduce their toxicity to aquatic organisms. However, solubilization of these 
phases under specific conditions (e.g., changes in pH and sediment redox potential) may 
transfer trace elements into the dissolved fractions, which are considered to be the most 
mobile and most bioavailable forms (Förstner, 1989; Salomons, 1998). For speciation and 
bioavailability assessment of solid phase associated elements, sequential extraction 
techniques such as the scheme of Tessier et al. (1979) and the acid-volatile sulphide (AVS) 
(Di Toro et al., 1990; Di Toro et al., 1992) have been widely applied. The mobility and 
toxicity of trace elements in sediments can also be assessed with the use of mineralogical and 
granulometric corrections (Förstner, 1989). Mineralogical corrections can distinguish 
between natural and anthropogenic elements by selecting the so-called conservative elements 
(Martin and Meybeck, 1979; Windom et al., 1989). Granulometric corrections are suggested 
to minimize the grain size effect, based on the assumption that the anthropogenic trace 
elements are adsorbed predominantly on the fine fractions (clay and silt) (Salomons and 
Förstner, 1984). With these corrections it is possible to minimize the dilution effect of coarse 
sediments, known as poor trace element accumulators. 
 
Aquatic organism’s exposure to trace elements  
Aquatic sediments can act both as a sink and a source for pollutants, and contaminants 
levels in the sediments frequently exceed water concentrations (Barron, 1995). Sediment 
associated elements pose a direct risk to deposit-feeding and detrital benthic organisms and 
may also represent long-term sources of contamination to higher trophic level (Luoma, 1983). 
Trace elements can be accumulated by invertebrates and fish through the food chain, water 
and sediment. Bioaccumulation of trace elements in organism tissues can be useful for 
assessing potential for trophic transfer of contaminants. 
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The combined analysis of carbon and nitrogen isotopes is a powerful tool to define 
aquatic food web interactions. It is an alternative to gut content analyses to identify the 
trophic positions of consumers, the food web structure, and the organic matter sources. Stable 
nitrogen isotope ratios (15N) provide useful information about the trophic level of animals 
and the food web structure because 15N becomes enriched by 2.5 – 5‰ between prey and 
predator (Minagawa and Wada, 1984;Peterson and Fry, 1987;Michener and Schell, 1994). 
Moreover, with carbon isotopes analysis (13C) is possible to differentiate carbon derived 
from pelagic versus benthic-littoral sources, because pelagic carbon is depleted in the heavier 
isotope compared to carbon that is derived from benthic-littoral sources (France, 1995). 13C 
by contrast, undergoes only a slight enrichment (0.5 to 1‰) from one trophic level to the next 
(Michener and Schell, 1994). Trace element concentrations in organisms may be correlated 
with 15N enrichment at each trophic level, and have been widely used to estimate trophic 
transfer of trace elements in aquatic food webs (Asante et al., 2010; Cui et al., 2011; 
Chumchal et al., 2011).  
The efficiency of trace element assimilation by biota is dependent on a number of 
complex factors, many of which related to bioavailability. But, besides abiotic factors, some 
biotic factors also determine bioaccumulation, such as tolerance, size and life stages, species 
and nutrition (Wang, 1987; Brown, 1988), as well as behavioral responses to the presence of 
the toxicant, such as locomotion, respiration, avoidance and attractance (Atchison et al., 
1987).  
 
Biochemical and toxic effects of trace elements in aquatic organisms 
Some trace elements, specially the transition elements, have the potential to generate 
reactive oxygen species (ROS), such as superoxide anion (O2
•‾), hydrogen peroxide (H2O2), 
hydroxyl radical (
•
OH), and singlet oxygen (O2
1
) (Lushchak, 2011). ROS are generated 
during normal metabolism in aerobic organisms. The normal production of ROS involves 
cellular mechanisms with antioxidant molecules, which is an important reactive oxygen 
removal system. When ROS generation exceeds the capacity of the cellular antioxidants, it 
will cause oxidative stress and significant oxidative damage (Matés, 2000). Deleterious 
effects of oxidative damage include oxidation of proteins, DNA, and steroid components, as 
well as peroxidation of unsaturated lipids in cell membranes. The process of lipid 
peroxidation produces unstable lipid hydroperoxides, which can easily decompose into 
several reactive species, such as e.g., malondialdehyde (MDA). These products can break 
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down into free radicals that can perpetuate the destructive cycle of lipid peroxidation chain 
reactions (Martinez-Alvarez et al., 2005). 
The antioxidant system usually examined in aquatic organisms comprises both low 
and high molecular mass antioxidants (Livingstone, 2001). Low molecular mass antioxidants 
include water-soluble compounds such as ascorbic acid (vitamin C) and reduced glutathione 
(GSH), and lipid-soluble ones such as retinol (vitamin A) and α-tocopherol (vitamin E). 
Usually they act as free radical scavengers. However, other mechanisms can be involved. For 
example, glutathione may serve as a cofactor for antioxidant enzymes such as glutathione S-
transferases, a second-phase detoxification enzyme. High molecular mass antioxidants 
comprise specific or non-specific proteins. Specific proteins include antioxidant enzymes 
such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase, and glutathione 
reductase. Non-specific proteins are able to prevent oxidative damage by binding to transition 
metal ions such as iron and copper. Examples of non-specific proteins are metallothioneins 
and ferritin (Lushchak, 2011). 
Iron-ore effluents have been traditionally viewed as ‘non-toxic’ (Payne et al., 2001), 
mainly due to the fact that Fe is an essential nutrient to living organisms. However, toxic 
effects of iron-ore mining effluents have been reported in fish, including histopathological 
changes in liver (Tkatcheva et al., 2000; Payne et al., 2001) and gills (Tkatcheva et al., 2004), 
and blood cell alterations (Payne et al., 2001). Moreover, the potential of iron-ore leachate 
has been reported to cause oxidative stress, by reducing the anti-oxidant levels such as 
vitamin A and by causing DNA oxidative damage (Payne et al., 1998) and lipid peroxidation 
(Hamoutene et al., 2000).  
 
Human health risks 
In recent years, much attention has been directed to the concentrations of trace 
elements in freshwater fish. The edible parts of fish, especially fish flesh, have been widely 
investigated in order to check for those hazardous to human health (Begum et al., 2005; 
Demirak et al., 2006; Sivaperumal et al., 2007). Fe, Cu, Zn, and Mn, are essential metals 
because they play important roles in biological systems, while Hg, Pb, and Cd, for example, 
are toxic, even in trace levels. The essential metals can also produce toxic effects at high 
concentrations. 
Brazilian legislation establishes maximum levels for some trace elements, above 
which human consumption is not permitted: 50 for Zn, 30 for Cu, 0.1 for Cr, 2.0 for Pb, 5.0 
for Ni, 1.0 for Cd, 1.0 for As and 0.5 for Hg (and 1.0 for carnivorous fish) (all values 
14 
 
expressed in µg/g wet mass) (Brasil, 1965; Brasil, 1998). Maximum permissible limits for 
different trace elements are also reported in international standards such as Food Agriculture 
Organization (FAO; Nauen, 1983), the United States Environmental Protection Agency 
(USEPA, 1989), and European Union (2001). 
In order to further evaluate if consumption of fish constitutes a potential hazard to 
human health, maximum acceptable weekly fish intakes are established. The values are based 
on Provisional Tolerable Week Intake (PTWI) defined by World Health Organization 
(FAO/WHO, 2007) and on Reference Dose for Chronic Oral Exposure defined by United 
States Environmental Protection Agency (USEPA, 1998), and usually calculated for a person 
of 70 kg. PTWI depends on the amount, consumption period, and contamination level of 
consumed food. The values based on PTWI are (in mg/kg body weight/week): 0.007 for Cd, 
0.015 for As, 0.005 for Hg, 0.025 for Pb, 1.0 for Al, 0.98 for Mn, 0.14 for Ni, 0.35 – 3.5 for 
Cu, 2.1 – 7.0 for Zn, and 5.6 for Fe.      
 
SCOPE AND OUTLINE OF THE THESIS 
 
In the present study we assess the influence of iron-ore mining and processing 
activities on trace element release and bioavailability in water systems (rivers and lagoons) 
and investigate the occurrence of trace element accumulation, trophic transfer, and possible 
toxicological effects in biota (invertebrates and fish). Firstly we apply classical geochemical 
comparative approaches, with the determination of trace element levels in water, sediment, 
and organisms, and explain the results by assessing the role of the iron-ore mining and 
processing activities on the local trace element speciation and bioavailability. Secondly, use 
standard biological methods to evaluate possible relationships between accumulation of trace 
elements and trophic levels of the organisms and to test for potential risks to human health 
due to consumption of fish. Finally, we move towards more modern biochemical approaches, 
by screening with sensitive hepatic biomarkers for exposure and potential effects of iron and 
trace elements in fish. We expect that the present study could provide important new 
information on the suitability of biomarkers as early-warning tools to study potential 
ecological effects in iron and trace elements exposed environments and further contributes to 
a proper assessment of the local environmental risks. 
The first aim of this thesis was to identify the main sources of trace elements within 
the mining area and the pelletizing plant and to investigate the contrasting effects on trace 
element bioavailability caused by changes in water chemistry. The second aim was to 
15 
 
investigate the existence of trace element trophic transfer among invertebrates and fish in 
Mãe-Bá Lagoon and the potential risks to human health due to consumption of fish. The third 
aim was to investigate relationships between hepatic trace elements and biomarkers of 
oxidative stress in seven fish species collected in Mãe-Bá Lagoon.  
Chapter two presents an overview of trace element concentrations in water, 
sediments, and invertebrates. In order to investigate the main factors controlling trace element 
speciation, a survey of water and sediment characteristics is also provided. Specialized 
chemical analysis (ICP-AES, ICP-MS, CV-AFS), water speciation modeling (CHEAQS), and 
acid volatile sulfide technique (AVS) are applied. This chapter identifies the potential sources 
of trace elements and discuss the role of the mining operations in changing trace element 
speciation and bioavailability. Moreover, concentrations in invertebrates are measured as an 
indication of trace element exposure.  
In chapter three, a survey of trace elements and stable isotopes (δ13C and δ15N) in 
sediments, invertebrates, and fish is provided to investigate relationships with trophic levels 
of the organisms. It presents trace element accumulation patterns in sediments and biota, the 
food web structure in the study lagoon, and the carbon sources in the trophic network.  
Moreover, trace element variations in fish tissues are used to evaluate potential risks to 
human health.  
Oxidative stress status in fish livers is evaluated in chapter four. Here, lipid 
peroxidation (measured as malondialdehyde – MDA) and the anti-oxidant status (measured 
as superoxide dismutase – SOD, catalase –CAT and glutathione S-transferase – GST) are 
measured in order to evaluate the responses of seven species to trace element exposure at 
Mãe-Bá Lagoon. 
Chapter five assesses the possible effects of iron and trace elements exposure on 
levels of hepatic retinoids in seven fish species collected in Mãe-Bá Lagoon. Typical HPLC 
chromatograms are compared for seven fish species and relationships with oxidative stress 
biomarkers are described. 
Finally, chapter six contains the main conclusions and provides some 
recommendations for further research.  
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ABSTRACT 
 
  Background, aim and scope In water systems, water quality and geochemical 
properties of sediments determine the speciation of trace metals, metal transport, and 
sediment-water exchange, influencing metal availability and its potential effects to biota. 
Studies from temperate climates have shown that iron-ore mining and tailing wastewaters, 
besides being a source of trace metals, usually show high levels of dissolved ions and 
particulate suspended matter, thus having the potential of indirectly changing metal 
bioavailability. For the first time in the tropics, we identified the effects of iron-ore mining 
and processing on metal bioavailability in a coastal lagoon. With an extensive sampling 
scheme, we investigated the potential sources of metals; the links among metal levels in 
water, sediments, and invertebrates; and the contrasting effects on metal speciation and 
bioavailability. 
  Methodology The metals Fe, Mn, Al, Cr, Zn, Cu, Ni, Pb, Cd, Hg, and As were 
measured in water, sediments (surface and profiles), and invertebrates from Mãe-Bá Lagoon 
and in the sites directly influenced by the mining operations (tailing dams and nearby rivers). 
In addition, samples from two other lagoons, considered pristine, were analyzed. The study 
area is located in southeast of Brazil (Iron Quadrangle Region and a coastal area of Espírito 
Santo State). General water characteristics included pH, dissolved organic carbon, alkalinity, 
and anion composition. Water metal speciation was assessed by a speciation model 
(Chemical Equilibria in Aquatic Systems). Grain-size distribution, organic carbon, carbonate, 
and acid volatile sulfide (AVS) were determined in sediments. Statistical methods included 
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comparison of means by Mann-Whitney test, ordination and correlation analyses, and 
analysis of regression for geochemical normalization of metals with grain size.  
  Results and discussion The dissolved metal concentrations, the total metal levels in 
sediments, and the normalization based on the fine sediment fraction showed that the mining 
operations constitute potential sources of Fe, Mn, Cr, Cu, Ni, Pb, As, and Hg to Mãe-Bá 
Lagoon. However, trace metal availability was reduced because of increased pH, hardness, 
and sulfide content (356 µmol/g) in the sites influenced by the mining. The lagoon showed 
similar water chemistry as in the mining sites, with metal bioavailability further decreased by 
the presence of dissolved organic carbon and chloride. Although AVS levels in the lagoon 
were low (0.48 – 56 µmol/g), metal bioavailability was reduced because of the presence of 
organic matter. Metal levels in invertebrates confirmed the predicted low metal 
bioavailability in Mãe-Bá Lagoon. The lagoon was considered moderately contaminated only 
by Hg and As. 
  Conclusions The iron-ore mining and processing studied here constitute potential 
sources of metal pollution into the tropical lagoon. Contrary to expectations, however, it also 
contributes to reduceing the overall metal bioavailability in the lagoon. 
  Recommendations and perspectives These findings are believed to be useful for 
evaluating metal exposure in a more integrated way, identifying not only the sources of 
pollution but also how they can affect the components involved in metal speciation and 
bioavailability in aquatic systems, leading to new insights.  
 
INTRODUCTION  
 
Background, aim, and scope 
Mining and associated smelting and metal processing activities have led to 
perturbations in the cycling of metals in the surface environment. In this context, iron-ore 
mines act as important sources of major metals, mainly Fe and Mn, but also associated trace 
metals into the environment (Wong 1981; Ratha and Venkataraman, 1995; Zabowski et al., 
2001). Studies from temperate climates have shown that iron-ore mining and its tailing 
wastewaters usually show high levels of dissolved ions and particulate suspended matter, thus 
changing the water chemistry (Holopainen et al., 2003) and the bioavailability of metals.  
This study aimed to identify the effects of iron-ore mining and processing on metal 
bioavailability in a tropical coastal lagoon, which hitherto remained unstudied. Through an 
integrated characterization of general water chemistry, geochemical composition of the 
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sediments, acid volatile sulfide (AVS), and metal concentrations in sediments, water, and 
invertebrates, we investigated the potential sources of metals, the links among metal levels in 
different compartments, and the contrasting effects on metal speciation and bioavailability.  
The study area is located in Minas Gerais State (Iron Quadrangle Region) and in 
Espírito Santo State, Brazil (Figure 2.1), which has extensive iron-ore mining and processing 
plant. Various studies have confirmed the environmental contamination by trace metals in the 
Iron Quadrangle (Matschullat et al., 2000; Pimentel et al., 2003; de Mello et al., 2006). 
However, most of these studies were concentrated in gold mining areas, focused on arsenic 
and mercury contamination, and did not include information about metal bioavailability. 
 
MATERIALS AND METHODS 
 
Study area  
The study area includes the water resources influenced by the activities of the iron-ore 
mining and the pelletizing plant located in the southeast of Brazil, named Samarco Mineração 
S/A. In 2007, Samarco produced 14 million tons of iron pellets that contained around 67% 
iron. Samarco has two industrial sites (Figure 2.1): a mining complex with a concentration 
plant, located in the city of Mariana, Minas Gerais State (Germano Site), and a pelletizing 
plant with port facilities, located in the city of Anchieta, Espírito Santo State (Ponta Ubu 
Site). At the mining complex, effluents with high content of solids are produced and treated   
 
 
Figure 2.1. Location map of the studied area with the position of the sites. 
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in two settling dams, named Germano and Santarém. The treated effluents flow to Santarém 
Creek and reach the Gualaxo do Norte River, which is part of the Doce River hydrographic 
basin. A pipeline (396 km long) transports the ore mixed with water (slurry) to the pelletizing 
plant. In this plant, the ore is separated from the water and the effluent goes to an artificial 
lake (North Dam). Periodically this artificial lake overflows into Mãe-Bá Lagoon. Mãe-Bá 
Lagoon is a coastal lagoon with no superficial connection to the sea. It has an area of 5.0 km
2
 
and an average depth of 1.9 m. The lagoon also receives untreated sewage from around 3,500 
people. There has been an increase in the eutrophication process in the lagoon during the last 
decade (Pereira et al., 2006). 
 
 Sampling and analysis 
The 14 selected sampling sites are in Figure 2.1. Sela21 was selected as a reference 
site for the mining area because it is not influenced by the industrial processes and reflects the 
natural mineralization in the area. Site SD was located in the tailing dam (Santarém Dam). 
The sites located at Santarém Creek represented the direct influence of the mining operations 
in the Gualaxo do Norte River (site SC-A) and the additional influence of other iron mining 
sites located in the area (site SC-B). In the coastal area, one site was sampled at North Dam 
(site ND) and seven sites at Mãe-Bá Lagoon (sites ML-A to ML-G). Additionally, two nearby 
coastal lagoons (Icaraí and Guanabara Lagoons), which have similar water characteristics to 
Mãe-Bá Lagoon but do not receive effluents from any industrial processes, were selected as 
Reference Lagoons (sites IL and GL). Outfield trips took place in January and July 2006. 
 
 Surface water 
 Sampling flasks were acid-soaked and washed with distilled deionized water before 
use. Samples were kept on ice in the field and filtered within 3 h in the laboratory through a 
0.45-µm cellulose acetate membrane filter. Blanc samples were provided in the field using 
distilled deionized water and were treated in the same way as the samples. 
Analyses of Ca, K, Mg, Na, Al, and Fe were performed with inductively coupled 
plasma-atomic emission spectrometry (ICP-AES); Mn, Zn, Cd, Pb, Cu, Ni, Cr, and As with 
ICP mass spectrometry (ICP-MS); and Hg with cold vapour atomic fluorescence 
spectrometry (CV-AFS), according to standard methods (APHA, 1998). Water samples for 
alkalinity and anion composition were collected in 1-L polyethylene bottles and analyzed 
within 24 h. Main water characteristics (alkalinity, Cl
-
, NO3
-
, NO2
-
, SO4
2-
, and PO4
3-
) were 
determined using standard procedures (APHA, 1998). Water temperature, dissolved oxygen, 
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salinity, pH, and conductivity were measured in situ using a calibrated multiprobe water 
quality meter. 
For the analyses of suspended particulate matter (SPM), particulate organic carbon 
(POC), total particulate nitrogen (TPN), and dissolved organic carbon (DOC), samples were 
filtered over preweighted, 25-mm glass-microfiber filters. The filters were oven-dried and 
weighted for determination of SPM. Determination of POC and TPN was performed with a 
CHN/S analyzer. Dissolved organic carbon was analyzed in the filtrates with a total organic 
carbon (TOC) analyzer. 
The speciation model Chemical Equilibria in Aquatic Systems CHEAQS (Verweij, 
2005) was used to predict the relative distribution of dissolved metals species and the 
competing elements as a function of the constituents in water. The concentrations of 
inorganic components considered to affect metal species distribution (pH, [bi]carbonate, Ca, 
Mg, dissolved metals, etc.) were taken from sample measurements.   
 
 Sediment 
 Sediment cores were sampled at sites ND, ML-B, ML-C, ML-G, and GL and surface 
sediments at the other locations (Figure 2.1). All samples were sieved in a 2-mm stainless 
steel sieve to remove gravel particles and large detritus. Samples were oven-dried at 50
o
C to 
constant weight. They were digested with aqua regia and metal analyses were performed 
according to Standard Methods (APHA, 1998). Analyses of Fe, Mn, and Zn were performed 
with atomic absorption spectrophotometry (AAS) and Al, Cu, Cd, Ni, Pb, and Cr were 
measured with graphite furnace atomization (GFA)-AAS. Mercury was measured with CV-
AFS and As was measured with ICP-AES with hydride generation system. 
Acid volatile sulfide, defined as the amount of sulfide that can be volatilized during a 
cold acid extraction, and the AVS-bound metals, extracted at the same time and called 
simultaneously extracted metals (SEM), were analyzed on surface sediments according to 
Van Griethuysen et al., (2002). Metal bioavailability and potential toxicity were assessed by 
the difference between SEM and AVS using the methods described in Di Toro et al. (1992, 
2002). 
  The sediment grain size distribution was analyzed with laser diffraction in a Laser 
Particle Sizer. Total carbon and total nitrogen (TN) were analyzed using a CHN/S elemental 
analyzer. Total organic carbon was calculated from total carbon after CaCO3 correction.  
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Invertebrate 
  Invertebrates were collected in the littoral substrates (macrophytes, benthic 
filamentous algae, and litter). Animals were sorted, washed with local water, and transported 
in polyethylene flasks to the laboratory, where they were counted and identified live with 
available keys. The collected species included freshwater snails Pomacea haustrum and 
Melanoides tuberculata (gastropods), Macrobrachium sp. and Ucides sp. (crustaceans), and 
water bugs belonging to the order Hemiptera. Invertebrates were held in distilled deionized 
water for gut clearance during 16 h. Although mortality of some individuals occurred, partial 
gut clearance was observed by the presence of fecal pellets in the water. We assumed that this 
would not affect the tissues residues of the invertebrates. For the gastropods, the soft tissues 
were dissected for analysis, while for the other species, the whole organisms were taken. 
Organisms were stored frozen and freeze-dried. Samples were digested with HNO3 70.5% 
and metal analyses were performed according to standard methods (APHA, 1998). Metals 
were measured with ICP-MS, while Hg was measured with CV-AFS. 
 
 Quality control 
  The analytical quality of the metal determinations was monitored by comparison with 
the internal reference material IRM-488 for sediments and with DOLT-2 (dogfish liver 
homogenate from National Research Council of Canada, Ottawa) for the organisms. 
Comparison of measured metal concentrations in the reference materials with the certified 
values (n = 12) showed that recovery of the metals was within ±10%. The only exception was 
Cr measured in invertebrate samples. Therefore, Cr concentrations in biota were used only 
for relative comparisons. The repeatability was monitored by duplicate analysis. 
 
Statistical analyses 
  The effect of groups of sampling locations on metals in water, surface sediments, and 
invertebrates was tested. Three groups were selected: sites influenced by the mining (sites 
SD, SC-A, and ND), Mãe-Bá Lagoon (sites ML-A to ML-G) and Reference Lagoons (sites 
GL and IL). Before statistical analysis, data were tested for normality using Kolmogorov–
Smirnov test and for homogeneity of variance using Levene’s test. As homogeneity of 
variance between groups could not be attained, the effect of location was tested using the 
Mann-Whitney test. In sediment profiles, metal enrichment was tested by comparing mean 
values in upper layers (5 – 20 cm) with deeper layers (25 – 50 cm) using Mann-Whitney test. 
Differences were considered significant if p < 0.05. One sample t tests were applied to 
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compare mean values from an individual site with values from a group of locations (e.g., 
water characteristics at North Dam compared with mean values at Mãe-Bá Lagoon).  
  To identify patterns in the variability of metals across the various locations, ordination 
analyses were performed using Canoco 4.5 (Ter Braak and Smilauer, 2002). Firstly, we 
applied unconstrained ordination through a principal component analysis (PCA) to explain 
theoretical variations in the metal concentrations data. Secondly, a constrained ordination by 
a redundancy analysis (RDA) using Clay+Silt (<63 µm) content, TOC content, sampling 
locations, and depths as environmental factors was used to describe variations in the metal 
concentrations as explained by these environmental conditions. The significance level used 
was 0.01. Correlations between environmental variables and the main axes of the ordination 
analyses were obtained using a Pearson's correlation. 
  In order to test relationships among the metals, correlation analyses were performed 
with all sedimentological and chemical data from Mãe-Bá Lagoon. A scatter plot matrix 
indicated a linear relationship between most of the variables [some of them needed log 
transformation, such as Fe, Mn, and Clay+Silt (<63 µm)]. Pearson’s correlation coefficients 
(at 0.05 significance level) were calculated for all variables, except for As and Cd, for which 
the data did not show a normal distribution, not even after transformation. The relationships 
between these metals and the other variables were therefore assessed by Spearman 
correlation.  
  A geochemical normalization of metals in sediments was applied for Mãe-Bá Lagoon 
as described in Loring and Rantala (1992). Because the mining effluent could be a source of 
metals such as Fe and Al to the lagoon, the application of a chemical normalization with a 
conservative element was impracticable. The decision for the best normalization approach 
was made after examination of the correlation matrix and an analysis of the possible 
anthropogenic inputs of contaminants. Statistical analysis showed a linear relationship 
between all metal concentrations, except As and Cd, and Clay+Silt (<63 µm) content. 
Regression analysis was then used to determine the “natural” or “background” relationships 
between Clay+Silt (<63 µm) content and the metals at Mãe-Bá Lagoon and to identify the 
sites considered metal enriched. Logarithmic transformations to correct for nonconstant 
variance and nonnormality were applied for Fe, Mn, and Clay+Silt (<63 µm), to ensure the 
assumptions used in linear regression models (Everitt and Dunn, 2001). The data were 
examined for statistical outliers and influential cases using Cook’s distance and residual 
plots. Outliers that fell above the potential regression line and represented possible 
enrichment were removed prior to fitting the final regression model. For each metal, the 95% 
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confidence interval for “natural” concentrations was calculated for each sample by the 
regression equations. Points lying above the upper limit were considered potentially 
influenced by anthropogenic sources. Statistical data analysis was performed using the 
software package SPSS for windows (Statistical Package SPSS version 15.0, Chicago, IL, 
USA). 
 
  RESULTS AND DISCUSSION 
 
  Dissolved trace metals and water quality 
The dissolved trace metals in the studied area were homogenously distributed and 
mostly below the maximum recommended standards of the Brazilian Federal Resolution 
Conama 357/05 for the protection of aquatic life in freshwaters (Brasil, 2005) (Table 2.1). 
Exceptions were Mn in Santarém Dam (304 µg/l) and in Santarém Creek (SC-A, 237 µg/l), 
Fe in Santarém Creek (SC-B, 0.50 mg/l), in two locations at Mãe-Bá Lagoon (ML-A, 0.55 
mg/l; ML-G, 0.34 mg/l) and in Guanabara Lagoon (0.52 mg/l) and also Al in North Dam 
(0.28 mg/l), in all sites from Mãe-Bá Lagoon (0.22, 0.15, 0.30, 0.41, 0.22, 0.14, and 0.14 
mg/l), and in Guanabara Lagoon (0.19 mg/l).  
Water quality at the sites SD, SC-A, and ND reflected the mining activities and ore 
processing since some variables, such as alkalinity, sulfate, pH, Na, and Hg, were higher on 
these sites compared to Sela21 (one sample t test, p < 0.05) (Table 2.2). Moreover, levels of 
alkalinity, Ni, Cd, and Hg were higher in these sites compared to Mãe-Bá Lagoon (Mann-
Whitney test, p < 0.05). Other parameters, such as sulfate, Ca, Na, and As, were higher only 
at North Dam compared to Mãe-Bá Lagoon (one sample t test, p < 0.001). These parameters, 
besides being influenced by iron-ore mining, were probably influenced by the chemicals 
added to control the concentration process and the pH of the slurry, like NaOH, CaO, and 
CO2 (Costa et al., 2003).  
The C/N atomic ratios [(C/N)a] in particulate matter at the Mãe-Bá Lagoon, ranging 
from 6.3 to 7.1 (Table 2.2), indicated an origin from autochthonous production primarily 
derived from phytoplankton rather than from other aquatic plants and allochthonous sources. 
Levels of alkalinity, sulfate, Cl
-
, Ca, Na, DOC, and pH were higher at Mãe-Bá Lagoon 
compared to the Reference Lagoons (Mann-Whitney test, p < 0.05).  
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Table 2.1. Dissolved major elements and trace metals in water at the mining area (sites Sela 21, SD, SC-A, and SC-B), North Dam (ND), Mãe- Bá Lagoon 
(ML-A to ML-G) and at the Reference Lagoons (GL and IL). 
Maximum permitted values according to guidelines for the protection of aquatic life in freshwaters (Brazilian Federal Resolution Conama 357/05) are included.  
a
 Detection limits 
b
 Values for total metal
Site Ca 
(mg/l) 
K 
(mg/l) 
Na 
(mg/l) 
Mg 
(mg/l) 
Al 
(mg/l) 
Fe 
(mg/l) 
Mn 
(µg/l) 
Zn 
(µg/l) 
Cu 
(µg/l) 
Ni 
(µg/l) 
Pb 
(µg/l) 
Cr 
(µg/l) 
As 
(µg/l) 
Cd 
(ng/l) 
Hg 
(ng/l) 
Sela 21 0.27 0.21  0.35  0.17  0.04  0.09   26 7.2   0.72  1.6  0.31   1.3  0.12 <26 <30 
SD 4.2 1.7  61.5   0.46   0.10   0.07   304   6.6   0.55   2.8   0.14   1.0   0.51   85.0  58   
SC-A 3.9  1.6  57.1   0.63 0.08   0.12  237   5.6   0.53   2.7  0.14  1.5   0.48  93.5  52   
SC-B 4.2   0.43   7.8   2.6   0.04   0.50  79   5.4   0.68   1.0   0.15   0.66  0.22   40.5   <30 
ND 10.2   5.0  125   0.36   0.28   <0.04 1.3   <4.5 0.93   1.8   <0.05 0.97   3.7   252   50   
ML-A 5.0   4.5   78.3   5.2   0.22   0.55   6.9   20.8   2.4   2.1   0.26   1.3   0.78   71.5    <30 
ML-B 5.4   4.9   85.4   5.7   0.15   0.19   3.1   7.6   1.1   0.81   0.18  0.92   0.89   74.0   <30 
ML-C 5.0  4.8   78.5   5.7   0.30   0.14   2.3  10.6   1.1   1.6   0.25  0.84  0.86   55.0   <30 
ML-D 5.5   5.6   90.3   6.6   0.41   0.12   5.2   12.4   1.6   0.97   0.26   0.89   0.83  70.5   <30 
ML-E 4.2   4.2   61.4   5.2  0.22   0.27   1.6   9.8   0.87   0.65   0.23   0.74   0.63   38.0   <30 
ML-F 3.9   4.0   57.5   5.0   0.14   0.30   1.4   6.7   0.67   0.52   0.17   0.72   0.60   37.5   <30 
ML-G 3.8   3.9   55.1   4.9   0.14   0.34   1.3   6.4   0.54   0.42   0.16   0.68   0.57   27.5   <30 
GL 2.8   4.1   29.5   4.9   0.19   0.52   4.3   8.7   2.1  0.75   0.22   0.80   1.2   <26 37   
IL 2.2   1.8   23.0   3.2   0.05   0.06   3.5   5.8   0.50   0.36   0.08   0.64   0.48   32.0   <30 
DL
a
  0.2 0.02 0.2 0.04 0.02 0.04 0.5 4.5 0.4 0.2 0.05 0.1 0.05 26 30 
Conama 
357/05 - - - - 0.1 0.3 100
b
 180
 b
 9 25
 b
 10
 b
 50
 b
 10
 b
 1,000
 b
 200
 b
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  Total trace metals in sediments and sediments characteristics 
Surface sediments (top 5 cm) in the dams (SD and ND) were characterized as “clay to 
silt” (fraction < 63 µm: 99% and 68%, respectively) with low OC content (<1.5 %), while 
surface sediments at Mãe-Bá Lagoon were characterized as “silt to sand” (fraction < 63 µm: 
4.4 to 56%), with higher organic carbon (2.0 to 18%) content (Table 2.3). Carbonates were 
not found at the study area, except at ND (4.1%).  
Concentrations of metals at the mining area were mostly above the background values 
for Gualaxo do Norte River Basin (Costa et al., 2003). Levels of Cr, Hg, and As were 
generally higher than the quality criteria defined by Conama 344/04 (level 2, above which  
adverse biological effects are likely to occur) at the mining sites and ND (Brasil, 2004) 
(Table 2.3). A comparison with mean shale (MS) values (Salomons and Förstner, 1984) 
shows higher levels of Fe, Mn, Cr, Hg, and As at the mining sites and ND, and also higher 
levels of Pb and Hg at ND, at some locations at Mãe-Bá Lagoon and at Guanabara Lagoon. 
Concentrations of Al, Cu, Cd, Zn, and Ni were lower than MS at all sampling sites.  
Concentrations of Fe, Mn, Cr, Cu, Hg, and As showed a decreasing gradient from 
sites located in the mining area to the sites located at the coastal area (Mann-Whitney test, p < 
0.05). This pattern was also apparent in all sediment results of the ordination analysis.  
Mercury concentrations in sediments from Mãe-Bá Lagoon were much higher than 
reported sediment background concentrations for Brazilian lakes (0.03 mg/kg) (Lacerda and 
Salomons, 1997) and also higher than the background level suggested for tropical areas (0.05 
mg/kg) (Lacerda et al., 1993). Generally, Hg and As levels in surface sediments from Mãe-Bá 
Lagoon (0.07 – 0.37 and 1.7 – 8.8 mg/kg, respectively) were in the same range as in other 
Brazilian coastal lagoons considered moderately contaminated by these metals (Marins et al., 
1998; Lacerda and Goncalves, 2001; Mirlean et al., 2003; Sousa et al., 2004). On the other 
hand, concentrations of Zn, Cu, Ni, Cr, Cd, and Mn in the sediments from Mãe-Bá Lagoon 
were in the same range as those described for other Brazilian coastal lagoons considered 
noncontaminated by these metals (Knoppers et al., 1990; Silva and Rezende, 2002). 
Principal Component Analysis with all sediment data described 83.5% of the total 
variance in metal data. The PCA axes were significantly correlated to various metal variables. 
Redundancy analysis indicated that the majority of the variance (56%) potentially explained 
by unconstrained ordination was indeed related to the specified environmental conditions 
(i.e., sampling locations and sediment characteristics). From the total explained variance in 
metal data, the two first RDA axes explained 46% of the total variance (Figure 2.2). The first 
axis accounted for 37% of the variation and was significantly correlated to the trace elements  
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 Table 2.2. Water quality characteristics at the mining area (sites Sela 21, SD, SC-A, and SC-B), North Dam (ND), Mãe-Bá Lagoon (ML-A to 
ML-G) and at the Reference Lagoons (GL and IL). 
Maximum permitted values according to guidelines for the protection of aquatic life in freshwaters (Brazilian Federal Resolution Conama 357/05) are included. 
DO: dissolved oxygen; (C/N)a: atomic ratios.
Site Alkalinity 
(mg/l) 
Temp 
(
o
C) 
Salinity 
(‰) 
Cond 
(µS/cm) 
DO 
(mg/l) 
pH SPM 
(mg/l) 
SO4
2-
 
(mg/l) 
NO3
-
 
(mg/l) 
NO2
-
 
(mg/l) 
PO4
3-
 
(mg/l) 
Cl
-
 
(mg/l) 
DOC 
(mg/l) 
POC 
(%) 
TPN 
(%) 
(C/N)a 
Sela21 11.9 21.0 - 4.0 8.4 6.7 0.94 2.2 0.25 < 0.01 0.08 10 3.2 5.9 1.1 6.5 
SD 107.0 27.7 - 387 7.1 7.8 5.0 81 0.08 < 0.01 0.14 17 4.1 27.0 5.0 6.3 
SC-A 103.0 29.8 - 318 7.0 8.1 5.2 72 0.16 < 0.01 0.12 10 3.9 22.9 4.0 6.7 
SC-B 39.0 26.5 - 80 7.7 7.7 0.75 10 0.23 < 0.01 0.14 6.8 0.93 35.9 5.5 7.7 
ND 170.7 32.3 0.36 706 6.0 7.9 13.4 155 0.16 < 0.01 0.05 21 6.0 40.4 7.4 6.4 
ML-A 66.1 29.5 0.25 486 6.0 6.9 6.2 82 0.07 < 0.01 0.30 77 11.4 41.7 7.1 6.8 
ML-B 74.9 30.3 0.27 531 6.9 8.1 6.8 77 0.07 < 0.01 0.03 82 10.5 45.1 7.7 6.8 
ML-C 70.5 30.4 0.25 494 7.0 8.1 6.8 73 0.07 < 0.01 0.02 83 10.6 47.4 7.8 7.1 
ML-D 81.5 31.5 0.29 572 6.9 7.7 6.5 76 0.08 < 0.02 0.02 96 11.1 41.9 7.8 6.3 
ML-E 55.1 30.7 0.20 401 6.5 7.5 6.3 43 0.08 < 0.01 0.02 76 10.6 38.1 6.6 6.7 
ML-F 50.1 31.4 0.19 381 6.9 7.7 5.8 28 0.07 < 0.01 < 0.01 74 10.3 35.5 6.0 6.9 
ML-G 46.2 31.6 0.18 367 7.0 7.8 5.5 25 0.07 < 0.01 0.25 73 10.3 37.6 6.5 6.8 
GL 17.6 29.9 0.11 230 6.4 6.2 7.4 13 0.13 < 0.01 0.03 58 10.0 34.1 5.5 7.2 
IL 13.2 30.5 0.07 160 6.1 6.2 3.9 10 0.13 < 0.01 0.04 42 7.3 49.2 7.8 7.4 
Conama 
357/05 - - 
≤ 0.5 
freshwater - > 5 6 - 9 - 250 10 1 0.02 250 - - - - 
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Table 2.3. Surface sediment characteristics and total metal concentrations (in d.w.) at the mining area (sites Sela21, SD, SC-A and SC-B), 
North Dam (ND), Mãe-Bá Lagoon (ML-A to ML-G) and at the Reference Lagoons (GL and IL). 
Average shale metal values and quality criteria for the protection of biota (Brazilian Federal Resolution Conama 344/04) are included.  
a Detection limits 
b From Salomons and Förstner, (1984) 
(C/N)a: atomic ratios
Site 
Al 
(mg/g)  
Fe 
(mg/g) 
Mn  
(mg/kg) 
Zn 
(mg/kg) 
Cu 
(mg/kg) 
Ni  
(mg/kg) 
Pb 
(mg/kg) 
Cr 
(mg/kg) 
Hg 
(mg/kg)     
As 
(mg/kg) 
Cd 
(mg/kg) 
Clay+Silt 
(<63 µm) 
(%)  
Sand 
(%) 
TOC 
(%) 
TN 
(%) 
(C/N)a 
Sela21 8.7   443   4,031   21   13   10 12   28 0.41  34 0.09 10   90   0.27   <0.01 - 
SD 13   376   2,143   44   22   32 21   144 0.72   19 <0.04 99.9   0.1   0.5   0.03   20      
SC-A 10  104   659  46   28   27   11   133 0.07   5.9 <0.04 52   48   0.4   0.03   18  
SC-B 13   123   2,282   47   31   45 17   106 0.41   25 0.07 72   28   1.3   0.08   19 
ND 14 360 460 51 22 14 40 117 0.61 11 0.05 68 32 1.4 0.13 17 
ML-A 25  22   44   41   10   17   25   46 0.19   3.5 0.08 56   44   12   1.0   13   
ML-B 22 62 126 50 9.3 21 21 51 0.37 7.4 0.11 25 75 9.6 0.89 13 
ML-C 13 40 159 33 7.8 9.4 20 19 0.20 3.0 <0.04 7 93 18 1.7 12 
ML-D 35   30   42 40   9.7   13   21   40 0.22   8.8 0.06 11   89   7.2   0.65   13   
ML-E 8.9   17   54 21   2.3   4.7   9.5   15 0.07   6.1 <0.04 4   96   2.0   0.16   15   
ML-F 67   6.9   26 20   4.9   8.9   22   36 0.10   1.7 <0.04 5   95   2.8   0.22   15   
ML-G 26 57 62 58 7.2 14 23 44 0.25 7.3 0.13 30 70 6.5 0.64 12 
GL 40 44 27 76 11 25 60 82 0.37 9.6 0.18 88 12 13 1.2 14 
IL 10 18 29 21 3.0 <2.4 7.6 22 0.13 0.84 <0.04 8 92 1.2 0.09 17 
DLa 0.003 0.12 0.8 2.1 1.4 2.4 0.4 1.8 0.01 0.06 0.04 - - 0.01 0.01 - 
Shale 
valuesb 
80 47 850 95 45 68 20 90 0.18 13 0.22 - - - - - 
Conama 
344/04 
- - - 315 197 35.9 91.3 90 0.486 17 3.5 - - - - - 
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Cu, Ni, Cr, and Hg. The second axis explained 9% of the variation and was significantly 
correlated to Al, Zn, Fe, and Pb. The location “Mine Area” was the most important 
environmental condition explaining the differences in metal concentrations in the study area 
in both axes. This means that sites located in the mining area deviated from the other sites 
with respect to both major and trace elements. The same applied to the surface layer of North 
Dam, which was located close to the mining sites (Figure 2.2). The differences in total 
variance in metal concentrations from the other sites (North Dam, excluding surface layer, 
Reference Lagoons, and Mãe-Bá Lagoon) were mainly determined by Clay+Silt (<63 µm), 
TN, and TOC contents. 
Trace metals and sediment characteristics were also analyzed at various depths at five 
locations (Figure 2.3). In general, differences in metal concentrations reflected the physical 
characteristics of the sediments at different depths. Higher metal levels were observed in 
layers of finer sediments, as described previously (Salomons and Förstner, 1984).  
The metal enrichment in the sediment profiles at North Dam reflected the 
anthropogenic influence of the mining activities and ore processing (Mann-Whitney test, p < 
0.05). At Mãe-Bá Lagoon, site ML-B reflected its closeness to the North Dam through higher 
 
 
TOC 
TN 
Clay+silt (<63µm)  
CaCO 3 
Mine  
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Figure 2.2. Scatter space plot of the first two components of redundancy analysis (RDA), 
including metal, sediment characteristics and locations. Data (n = 53) from 14 stations. 
Eigen vectors of the environmental variables were multiplied by 5. 
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levels of Fe, Mn, Cr, Ni, and Hg in the surface layers (Mann-Whitney test, p < 0.05). These 
metal levels were also higher than those observed at the other locations at Mãe-Bá Lagoon 
(one sample t test, p < 0.05). The sites ML-C, ML-G, and GL showed higher concentrations 
at the top layers for some metals, but also for clay and carbon content, reflecting the role of 
these phases in binding these pollutants in the sediments. 
Values of TOC generally decreased with depth at the studied sites (Figure 2.3). At 
Mãe-Bá lagoon, the (C/N)a ratios (Figure 2.3) indicated a mix of autochthonous and 
allochthonous organic matter in the sediments, but probably with a greater proportion of 
autochthonous material due to the eutrophic status of the lagoon. 
  Correlation analyses of metal and sediment characteristics at Mãe-Bá lagoon showed, 
as expected, a high correlation between metals and Clay+Silt (<63 µm) and TOC contents. 
High correlation between Fe and other metals was also found, indicating scavenging effect by 
Fe compounds (oxides, hydroxides, sulphides). 
 
  Sediment Normalization 
To support the identification of the potential sources of metals to Mãe-Bá Lagoon, a 
geochemical normalization of metals with Clay+Silt (<63 µm) content was performed. It 
showed two major patterns (Figure 2.4): 
 1. The influence from the iron-ore mining and processing on Fe, Mn, Cu, Hg, Cr, and 
Ni levels is clear: data from the mine area sites were projected above the 95% upper 
confidence interval of the regression lines. Fe, Mn, and Cu seem to be related to the natural 
metal mineralization in the mining area, since site Sela21 was enriched with these metals. 
Enrichment of Hg, in contrast, is explained by its use in the amalgamation process of gold 
exploitation during the 18
th
 and 19
th
 centuries in the Iron Quadrangle (Costa et al., 2003), but 
may also be naturally found with manganese oxides (Windmoller et al., 2007). Additionally, 
the grinding process of the iron-ore at the Germano site probably contributes to the 
enrichment of Cr and Ni in the dam sites. The grinding balls contain Fe-Cr and Fe-Ni alloys, 
which are released to water as the balls are consumed during this process. 
2. The pattern shown by Zn, Al, and Pb. The mining sites were located below the 95% 
confidence intervals, indicating that the mining activities did not constitute an important 
source of these metals to the study area. However, an enrichment of Pb was recorded in the 
core of ND, suggesting a connection with the operations at the Ponta Ubu site. Company’s 
historical monitoring of atmospheric emissions shows that Pb is one of the metals released by 
the induration process, which uses fossil fuel. This is in line with some studies reporting the  
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Figure 2.3. Metal, TOC, and (C/N)a profiles at North Dam (ND), Mãe-Bá Lagoon (sites ML-
B, ML-C, and ML-G) and at Guanabara Lagoon (GL). The legend of the first graph in each 
column is the same for the graphs below. 
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Figure 2.4. Scatter plots between 
concentrations of metals (in mg/kg, Fe and 
Al in %) and grain size [in %, expressed as 
LogClay+Silt(<63 µm)] in sediments from 
Mãe-Bá Lagoon (open circles). The lower 
solid line represents the regression line; the 
upper line represents the 95% confidence 
band. Data from mining sites (solid squares) 
and from North Dam (solid circles) were 
included in the final regression model. 
Regressions were all significant  ( p <0.001). 
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presence of trace metals in fossil fuels and their release into atmosphere associated with the 
exhaustion gases or fine particles during combustion (Huggins et al., 2004; Reddy et al., 
2005). 
Although Guanabara Lagoon was selected to act as a reference lagoon, metal 
concentrations in the Clay+Silt (<63 µm) fraction were lower than at Mãe-Bá Lagoon only 
for Fe, Mn, and Zn. The dominance of fine particles and the high organic carbon in the 
sediments probably provided an efficient trap for metals at Guanabara Lagoon. Furthermore, 
the presence of higher metal content in upper layers of the sediment core suggests that this 
lagoon may also have been affected by recent anthropogenic sources of trace metals. 
Atmospheric deposition, especially from industrial areas, can be an important source of metal 
contamination in coastal areas in southeast of Brazil (Lacerda et al., 2002; Lacerda and 
Ribeiro, 2004). As there are no other industrial or urban sources in the vicinity, it may have 
been possible that the prevailing NE winds have transported metals released by the induration 
furnaces from the pelletizing plant to Guanabara Lagoon, which was previously assumed to 
be an undisturbed reference location. 
 
  Metals in invertebrates 
To support the assessment of metal bioavailability at the study area, a preliminary 
assessment of metal uptake by invertebrates was made. Metal levels in invertebrates showed 
differences between the species collected (Table 2.4). At Mãe-Bá Lagoon, the gastropod M. 
tuberculata concentrated more Fe, Pb, Ni, and Hg than the other species, while P. haustrum 
concentrated more Mn (Mann-Witney test, p < 0.05). These findings confirm that gastropods, 
which dwell in the sediments and are deposit feeders, tend to accumulate more metals than 
other species. The crustacean Macrobrachium sp. had the lowest metal contents, except for 
Cu. This can be explained by the presence of Cu in the respiratory protein haemocyanin 
(Rainbow, 2002).  
Most metals did not show significant differences in concentrations in the gastropod P. 
haustrum collected at ND compared to those collected at Mãe-Bá Lagoon (one sample t test, 
p > 0.05). The only exceptions were Ni and Cd. Although ND showed generally higher metal 
levels in its sediments, metal bioavailavility is probably reduced in this site.  
Metal concentrations within the same species (P. haustrum and M. tuberculata) were usually 
higher in organisms collected at Guanabara Lagoon than those collected at Mãe-Bá Lagoon 
(one sample t test, p < 0.05). This reflects the differences in metal levels in sediments 
between these two sites and suggests higher bioavailability at Guanabara Lagoon.  
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Table 2.4. Metal concentrations in invertebrates (in mg/kg d.w.) from North Dam (ND), 
Mãe-Bá Lagoon (ML-A to ML-G and combined site ML-ABD) and from the Reference 
Lagoons (GL and IL). 
N is the number of individuals used to compose one sample. 
a The method applied for Cr in biota has a limited reliability.  
b Detection limits.  
 
  Metal speciation and effects on bioavailability 
Simulations using CHEAQS at Mãe-Bá Lagoon showed metal speciation similar to 
the sites influenced by the mining operations: Fe and Al were dominated by hydroxides 
ligands, while Cu, Ni, Pb, Zn, and Mn were characterized by carbonate complexes. Besides 
being bound to hydroxyl ligands, Hg was also predicted as chloride complexes [HgCl(OH) 
and HgCl2]. The main difference in metal speciation at Mãe-Bá Lagoon compared to the 
other sites was the presence of higher fractions of metal-organic matter complexes, especially 
for Cu (60%) and Ni (35%). The competition of other cations for ligands, such as Ca
2+
 and 
Na
2+
, seems to have low importance considering the high availability of ligands in Mãe-Bá 
Lagoon. In contrast, metal speciation in the Reference Lagoons (GL and IL) was dominated 
mainly by the free aquo ions species.  
  Concentrations of AVS in the study area had a wide range, from levels lower than the 
detection limit (<0.1 µmol/g) at Sela21 to very high concentration (356 ± 8 µmol/g), at North 
Site Species N Fe 
 
Mn Al Zn Cu Cra Pb 
 
Ni Cd As Hg 
ND P. haustrum 7 1,390 904 221 177 84 1.3 0.41 1.6 0.25 2.4 0.10 
 Hemiptera 16 371 63 161 167 39 0.83 0.18 0.35 0.03 0.24 0.05 
ML-A M. tuberculata 18 6,927 185 6,341 121 40 3.9 2.3 2.6 0.17 2.6 0.33 
 Macrobrachium sp. 116 177 30 46 98 48 0.32 0.04 0.59 0.01 1.4 0.05 
ML-B P. haustrum 10 1,959 1,679 274 69 71 0.82 0.23 0.78 0.16 3.5 0.22 
 M. tuberculata 25 1,052 107 101 92 30 1.2 0.52 2.7 0.10 2.7 0.48 
 Macrobrachium sp. 32 244 27 190 97 81 0.94 0.11 0.75 0.02 1.7 0.07 
ML-C P. haustrum 1 814 930 406 144 35 1.0 0.37 0.68 0.16 3.3 0.27 
 M. tuberculata 34 5,793 221 2,838 142 32 3.7 2.0 5.8 0.06 3.2 0.64 
 Macrobrachium sp. 93 275 24 124 86 67 1.0 0.09 0.80 0.02 1.4 0.06 
ML-D M. tuberculata 28 2,393 65 457 97 32 1.1 0.62 1.3 0.07 2.2 0.50 
 Macrobrachium sp. 185 122 21 117 77 53 0.37 0.04 0.05 0.01 1.4 0.02 
ML-E P. haustrum 2 530 273 34 23 6.9 3.2 0.24 0.30 0.17 0.80 0.08 
 M. tuberculata 42 3,860 107 2,545 119 32 4.4 1.6 1.8 0.08 2.3 0.73 
 Macrobrachium sp. 58 146 22 149 89 54 0.46 0.08 0.08 0.01 1.4 0.06 
ML-F Macrobrachium sp. 117 164 22 176 85 43 0.45 0.08 0.94 0.01 0.90 0.05 
ML-G M. tuberculata 28 2,749 132 1,740 126 39 14 0.67 2.0 0.06 2.1 0.26 
 Macrobrachium sp. 140 176 40 115 85 51 0.50 0.04 0.08 0.01 0.92 0.03 
ML-ABD Ucides sp. 4 556 30 443 92 35 3.7 0.22 2.3 0.05 0.75 0.08 
GL P. haustrum 11 20,224 4,345 2,502 55 168 3.6 0.81 2.2 0.42 3.5 1.1 
 M. tuberculata 93 4,044 329 575 154 72 1.0 0.31 1.9 0.26 2.5 0.36 
 Macrobrachium sp. 27 154 19 193 118 33 0.43 0.06 0.07 0.01 0.37 0.06 
IL Macrobrachium sp. 166 435 31 513 105 63 0.73 0.19 2.2 0.02 1.1 0.10 
DLb - - 1.8 0.01 1.9 0.04 0.5 0.01 0.002 0.02 0.0002 0.002 0.01 
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Dam (Table 2.5). Levels of AVS at ND may explain low metal bioavailability to 
invertebrates and had the same magnitude as those observed in other sulfide-rich sediments, 
such as in the river estuarine system from Guanabara Bay (Machado et al., 2004). At Mãe-Bá 
Lagoon, AVS levels were generally low (0.48 to 56 µmol/g). The SEM-AVS concentrations 
(Table 2.5) were smaller than zero throughout the whole study area, except at Sela21 and one 
site at Mãe-Bá Lagoon (ML-B), suggesting potential availability of trace metals. However, 
when normalized to organic matter, all results of SEM-AVS/fOC were lower than the toxicity 
limit proposed by Di Toro et al., (2002).  
  Results of metals in water and sediments suggest that the tailing dam and the artificial 
lake constitute potential sources of metals such as Fe, Mn, Cr, Cu, Ni, Pb, As, and Hg to 
Mãe-Bá Lagoon. However, they also change the water chemistry of the lagoon by elevating 
the content of dissolved ions such as carbonate, hydroxide, sulfate, Na, and Ca. This effect 
contributes to low metal bioavailability in the lagoon, which it is further reduced by the 
presence of DOC and chloride. In the lagoon’s sediments, oxy-hydroxides of Fe and Mn, 
together with humic acids (organic matter), seem to be the most important factors regulating 
the amounts of free or biologically available metals and the metal exchange between the biota 
and water.  
 
Table 2.5. Acid volatile sulfide (AVS), simultaneously extracted metals (SEM), and fraction 
of organic carbon (fOC) of the sediments from the mining area (sites Sela21, SD, SC-A and 
SC-B), North Dam (ND), Mãe-Bá Lagoon (sites ML-A to ML-G), and from the Reference 
Lagoons (sites GL and IL). 
Site AVS (µmol/g) SEM (µmol/g) fOC SEM-AVS [SEM-AVS]/fOC 
Sela21 < 0.10 0.20 (0.20) 0.05 (0.001) 0.20 (0.20) 4.3  (4.3) 
SD 1.34 (0.95) 0.47 (0.17) 0.04 (0.0001)  -0.87 (0.78)  -20 (18) 
CS-A 4.5 (5.4) 0.28 (0.10) 0.02 (0.002)  -4.3 (5.3)  -237 (286) 
CS-B 2.4  (0.5) 0.56 (0.01) 0.04 (0.005)  -1.9 (0.5)  -46.9  (6.2) 
ND 356 (8) 0.89 (0.17) 0.05 (0.01)  -356 (8)  -6,754  (1,950) 
ML-A 11.4 (1.6) 2.3 (1.8) 0.22 (0.01)  -9.1 (0.1)  -40.6  (1.9) 
ML-B 0.28 (0.20) 1.2 (1.0) 0.12 (0.0003) 0.9 (1.2) 7.8 (10.4) 
ML-C 56 (14) 0.62 (0.17) 0.14 (0.05)  -56 (13)  -458 (278) 
ML-D 2.1 (0.04) 0.85 (0.11) 0.21 (0.01)  -1.2 (0.1)  -5.8 (1.1) 
ML-E 3.5 (0.6) 0.63 (0.44) 0.13 (0.01)  -2.8 (0.2)  -22.7 (1.3) 
ML-F 2.7 (2.3) 0.34 (0.26) 0.11 (0.07)  -2.3 (2.1)  -19.5 (7.1) 
ML-G 0.48 (0.03) 0.47 (0.002) 0.14 (0.01)  -0.02 (0.03)  -0.12  (0.23) 
GL 4.3 (2.0) 0.59 (0.23) 0.19 (0.01)  -3.7 (2.3)  -19.4  (11.4) 
IL 0.32 (0.23) 0.06 (0.01) 0.02 (0.003)  -0.25 (0.24)  -14.9  (12.2) 
Data are from duplicates, expressed as average and (standard deviation).  
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  CONCLUSIONS 
 
This study has demonstrated the contrasting effects of iron-ore mining and processing 
on metal release, speciation, and bioavailability in an impacted tropical coastal lagoon. On 
one hand, the iron-ore mining and processing constitute potential sources of metals to the 
lagoon, on the other hand they also contribute to reducing metal bioavailability. The low 
metal bioavailability in the lagoon is mainly because of the high content of ligands, partly 
released by the mining, such as carbonates, and partly naturally found in the lagoon, such as 
DOC and chloride. Metal bioavailability in the lagoon is further reduced by the presence of 
organic matter in its sediments. This is confirmed by the low metal levels recorded in 
invertebrates. Paradoxically, metal levels in the lagoon, with exception of Fe, Hg, and As, 
were generally at the same levels as in non-contaminated sites and below the Brazilian 
standards.  
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ABSTRACT 
 
Trace elements (Fe, Mn, Al, Zn, Cr, Cu, Ni, Pb, Cd, Hg, and As) and stable isotopes 
ratios (13C and 15N) were analyzed in sediments, invertebrates, and fishes from a tropical 
coastal lagoon influenced by iron ore mining and processing activities to assess the 
differences in trace element accumulation patterns among species and to investigate relations 
with trophic level of the organisms involved. Overall significant negative relations between 
trophic level (given by 15N) and trace element concentrations in gastropods and crustaceans 
showed differences in internal controls of trace element accumulation among the species of 
different trophic positions, leading to trace element dilution. Generally, no significant 
relationship between 15N and trace element concentrations was observed among fish species, 
probably due to omnivory in a number of species as well and fast growth. Trace element 
accumulation was observed in the fish tissues, with higher levels of most trace elements 
found in liver compared with muscle and gill. Levels of Fe, Mn, Al, and Hg in invertebrates, 
and Fe and Cu in fish livers, were comparable with levels in organisms and tissues from other 
contaminated areas. Trace element levels in fish muscle were below the international safety 
baseline standards for human consumption. 
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INTRODUCTION  
 
Coastal lagoons are inland shallow water bodies, usually oriented parallel to the coast 
and connected to the ocean by one or more restricted inlets (Kjerfve, 1994). They occupy 
about 13% of the total coastal zone on the planet, and about 10% of the coast of South 
America (Barnes, 1980), and are very abundant along the Brazilian coast. They are often 
impacted by both natural and anthropogenic influences (Mee, 1978), functioning as filters or 
material sinks of organic and inorganic material supplied by rivers, adjacent soils, the 
atmosphere, and the ocean for long periods of time (Kjerfve and Magill, 1989). In this 
context, coastal lagoons may be sensitive to chemical contamination mainly due to their 
relative shallowness, long residence times, and restricted water exchange (Lacerda, 1994).  
Trace elements, whether of natural or anthropogenic origin, are present in all 
ecosystems throughout the world. At high levels, trace elements are potentially toxic and may 
disrupt biological activities of aquatic ecosystems (Asante et al., 2008), and may also 
bioaccumulate in the local organisms. Bioaccumulation of trace elements is a complex 
phenomenon controlled by a large number of physiologic and environmental factors. Patterns 
of trace element accumulation differ largely among species and trophic position, depending 
on specific regulatory mechanisms of body concentrations (Luoma and Rainbow, 2005; 
Rainbow, 2007).  
Trophic relations in coastal lagoon food webs are particularly complex because of the 
involvement of a high number of primary producers, a variety of detrital food chains, and a 
high degree of interconnectedness (Knoppers, 1994; Alongi, 1998). In addition to information 
on organism’s diet and analysis of gut contents, stable isotopes ratios (13C and 15N) have 
been used to provide additional information on the trophic level of organisms, food web 
structure, and organic matter pathways (Minagawa and Wada, 1984; Michener and Schell, 
1994; France, 1995). Therefore, 15N can be used as an indicator of trophic levels of 
organisms in the food chains, and 13C can be used to indicate relative contributions to the 
diet of different potential primary carbon sources in a trophic network. Moreover, the 
consistency of δ15N enrichment at each trophic level may be correlated with contaminant 
concentrations and has been used in numerous studies to estimate trophic transfer of trace 
elements in aquatic food webs (McIntyre and Beauchamp, 2007; Marin-Guirao et al., 2008; 
Ikemoto et al., 2008; Asante et al., 2008; Watanabe et al., 2008; Sharma et al., 2008). These 
studies have shown that specific trace elements sometimes biomagnify, biodilute, or do not 
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change concentrations along food webs. The lack of a clear pattern of trophic transfer among 
food chains is probably determined by the trace element accumulation pattern of the 
particular species involved and on the biological role of each element (Rainbow, 2002; 
Wang, 2002). However, most of the studies available are focused on food webs from 
temperate areas. Information about trophic transfer and trace element accumulation patterns 
of species from tropical aquatic food webs still remains scarce. 
This study aimed to assess trace element accumulation features (Fe, Mn, Al, Zn, Cr, 
Cu, Ni, Pb, Cd, Hg, and As) in biota (invertebrates and fishes) from a tropical coastal lagoon 
that receives effluents from iron ore mining and processing activities located in southeastern 
Brazil. Carbon and nitrogen isotopic ratios were used to investigate the relation between 
accumulation of trace elements and trophic levels in the lagoon ecosystem. To assess if 
anthropogenic inputs affect stable isotopes signatures and trace element levels in the lagoon, 
trace element concentrations were also compared with those from biota of surrounding 
regions. Moreover, tissue variations in fish species were evaluated to test for potential risks to 
human health. 
 
MATERIALS AND METHODS 
 
Study area  
 Mãe-Bá Lagoon is a freshwater coastal lagoon that receives the final effluents from 
an iron ore mining and pelletizing plant, named Samarco Mineração S/A, located in 
southeastern Brazil. Samarco has two industrial sites (Figure 3.1): a mining complex with a 
concentration plant, located in the district of Mariana, Minas Gerais State (Germano site), and 
a pelletizing plant with port facilities, located in the district of Anchieta, Espírito Santo State 
(Ponta Ubu site). At the mining complex, effluents with high content of solids are produced 
and treated in two settling dams, named Germano and Santarém. The treated effluents flow to 
Santarém Creek and reach Gualaxo do Norte River, which is part of the Doce River 
hydrographic basin. A pipeline (396-km long) transports the ore mixed with water (i.e., 
slurry) to the pelletizing plant. In this plant, the ore is separated from the water, and the 
effluent flows to an artificial lake (North Dam). Seasonally during high rainfall, this artificial 
lake overflows into Mãe-Bá Lagoon. Mãe-Bá Lagoon is a coastal lagoon without a direct 
surface connection to the sea. It has an area of 5.0 km
2
, and an average depth of 1.9 m. The 
lagoon also receives untreated sewage and represents an important source of animal protein 
for the local population.  
 
 
48 
 
 
Figure 3.1. The location map of the studied area with the position of the sampling sites. 
 
Site selection 
Invertebrates and sediments were collected simultaneously at seven locations at Mãe-
Bá Lagoon (sites ML-A to ML-G, Figure 3.1). For fish sampling, sites were grouped 
according to three regions, named ML-AB (region closer to North Dam), ML-CDE (located  
in the middle part of the lagoon), and ML-FG (region far from North Dam). When available, 
organisms from the tailing dam (Santarém Dam, site SD) and from the artificial lake (North 
Dam, site ND) were also collected, to assess the direct influence of the iron-ore mining and 
processing on biota. In addition, two nearby coastal lagoons (Icaraí [site IL] and Guanabara 
[site GL] Lagoons), which do not receive effluents from industrial process, were included as 
comparison sites. 
 
Sediments 
At each site, sediments were collected as substrates of invertebrates. The number of 
sediment samples depended on type of substrate and species found at each site (Melanoides 
tuberculata and Macrobrachium sp., for example, were caught in 2 different substrates at 
sites ML-C, ML-F, and ML-G). In total, 10 sediment samples were collected at Mãe-Bá 
Lagoon (see Table 3.1 for distribution of number of samples per site), and 3 samples were 
collected from the surrounding areas. Each sediment sample was transferred to a plastic bag  
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Table 3.1. Summary of ranges (minimum to maximum) of ratios of δ13C and δ15N (in ‰) and trace element concentrations (in µg/g dw) in 
sediments, invertebrates, and fish muscle from Mãe-Bá Lagoon (sites ML-A to ML-G).  
Organism or carbon 
source 
Site (N) Length (cm) δ13C δ15N Fe Mna Al Zn Cu 
Sediments ML-A,B,D,E (4);   
ML-C, F, G (6) 
- -28.7 to  -21.3 (-26.2) 1.4 – 6.3 (3.7) 2,124 – 52,145 
(15,137) 
17 – 211 (71) - 1.6 – 32 (11) 0.47 – 12 (3.8) 
Invertebrates          
Pomacea  haustrum ML-B (1) - -26.1 4.5 4,982 2,703 787 104 66 
Melanoides 
tuberculata 
ML-A to ML-G (7) - -28.5 to -15.4 (-21.3) 4.1 – 6.8 (4.9) 1,424 – 7,209 
(4,681) 
62 – 575 (256) 189 – 3,995 
(1,201) 
65 – 223 
(127) 
9.7 – 26 (16) 
Ucides sp. ML-A (1) - -27.7 6.0 13,623 46 505 84 31 
Hemiptera (order) ML-D (1) - -24.8 5.6 123 48 47 230 42 
Macrobrachium sp. all, except ML-E (6) - -28.1 to -21.2 (-23.5) 7.0 – 10.1 (8.2) 27 – 61 (38) 4.3 – 9.0 (6.3) 8.8 – 22 (14) 66 – 101 
(83) 
25 – 41 (31) 
Fishes          
Geophagus  
brasiliensis 
ML-AB, ML-CDE (2) 11.0 – 16.1 (13.6) -26.2 to -22.2 (-24.2) 8.1 – 8.9 (8.5) 27 – 30 (28) 0.92 – 1.3 (1.1) < 5.5 – 13 (7.7) 32 – 41 (36) 0.74 – 0.95 
(0.85) 
Tilapia rendalli ML-AB, ML-CDE, 
ML-FG (3) 
12.4 – 17.3 (14.2) -23.4 to -21.2 (-22.0) 7.3 – 9.9 (8.5) 25 – 39 (31) 0.95 – 2.2 (1.6) 6.5 – 17 (11) 32 – 40 (35) 1.0 – 1.2 (1.1) 
Rhamdia quelen ML-CDE (1) 19.0 -23.9 8.7 44 1.0 < 5.5 36 1.4 
Hoplosternum 
littorale 
ML-CDE (1) 19.3 -33.9 9.2 40 4.9 < 5.5 21 1.1 
Mugil liza ML-AB, ML-CDE (2) 20.5 – 31.0 (25.8) -21.5 to  -20.2 (-20.8) 7.4 – 10.2 (8.8) 31 – 38 (35) 0.78 – 0.89 
(0.83) 
6.7 – 6.8 (6.75) 16 – 22 (19) 0.7 – 1.3 (1.0) 
Trachelyopterus 
striatulus 
ML-AB, ML-CDE, 
ML-FG (3) 
14.3 – 23.5 (17.6) -25.0 to -23.0 (-23.7) 7.3 – 11.1 (8.9) 29 – 38 (33) 0.7 – 2.6 (1.5) 3 – 17 (12) 35 – 38 (37) 1.4 – 1.8 (1.6) 
Hoplias  
malabaricus 
ML-AB, ML-CDE, 
ML-FG (3) 
24.2 – 30.0 (26.9) -23.6 to -21.4 (-22.4) 9.4 – 10.5 
(10.0) 
32 – 44 (36) 1.5 – 1.9 (1.7) < 5.5 – 9.1 (6.1) 43 – 61 (50) 0.91 – 2.0 (1.6) 
Cichla  ocellaris ML-CDE (1) 20.5 -21.2 10.8 24 0.7 10 39 1.0 
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Table 3.1. continued 
Organism or carbon 
source 
Site (N) Length (cm) Cra Pb Ni Cd As Hg 
Sediments ML-A,B,D,E (4);   
ML-C, F, G (6) 
- 2.4 – 29 (12) 1.5  – 21 (8.1) 0.71 – 9.9 (3.4) 0.03 – 0.92 (0.25) 0.79 – 6.0 (2.8) 0.005 – 0.21 (0.05) 
Invertebrates         
Pomacea  haustrum ML-B (1) - 1.7 0.66 1.8 0.44 16 0.52 
Melanoides tuberculata ML-A to ML-G (7) - 0.68 – 2.9 (1.4) 0.36 – 2.1 (1.2) 0.93 – 3.1 (1.7) 0.05 – 0.33 (0.12) 2.2 – 4.6 (3.6) 0.24 – 1.3 (0.65) 
Ucides sp. ML-A (1) - 0.61 0.35 0.32 0.05 4.0 0.05 
Hemiptera (order) ML-D (1) - 0.04 0.11 0.15 0.06 0.44 0.07 
Macrobrachium sp. all, except ML-E (6) - 0.04 – 0.11 (0.08) <0.02 – 0.05 (0.03) 0.04 – 0.13 (0.09) < 0.01 1.2 – 1.9 (1.6) 0.02 – 0.04 (0.03) 
Fishes         
Geophagus  brasiliensis ML-AB, ML-CDE (2) 11.0 – 16.1 (13.6) 0.04 – 0.07 (0.05) < 0.01 < 0.02 0.03 – 0.04 
(0.036) 
0.04 – 0.08 (0.06) 0.04 – 0.05 (0.041) 
Tilapia rendalli ML-AB, ML-CDE, 
ML-FG (3) 
12.4 – 17.3 (14.2) < 0.04 – 0.14 (0.09) 0.02 – 0.07 (0.04) < 0.02 – 0.04 (0.03) 0.05 – 0.06 
(0.054) 
0.03 – 0.06 (0.04) < 0.01 – 0.02 
(0.015) 
Rhamdia quelen ML-CDE (1) 19.0 0.11 0.01 < 0.02 0.03 < 0.02 0.29 
Hoplosternum littorale ML-CDE (1) 19.3 < 0.04 < 0.01 < 0.02 0.04 < 0.02 0.10 
Mugil liza ML-AB, ML-CDE (2) 20.5 – 31.0 (25.8) < 0.04 – 0.06 (0.04) 0.02 – 0.04 (0.03) < 0.02 0.03 0.06 – 0.29 (0.18) < 0.01 – 0.03 (0.02) 
Trachelyopterus striatulus ML-AB, ML-CDE, 
ML-FG (3) 
14.3 – 23.5 (17.6) 0.06 – 0.11 (0.08) 0.02 – 0.03 (0.028) < 0.02 – 0.03 (0.02) 0.04 – 0.10 (0.06) 0.03 – 0.08 (0.06) 0.07 – 0.13 (0.11) 
Hoplias  malabaricus ML-AB, ML-CDE, 
ML-FG (3) 
24.2 – 30.0 (26.9) < 0.04 – 0.24 (0.09) < 0.01 – 0.014 
(0.01) 
< 0.02 – 0.04 (0.02) 0.02 – 0.03 
(0.025) 
0.04 – 0.40 (0.16) 0.07 – 2.9 (1.0) 
Cichla  ocellaris ML-CDE (1) 20.5 0.07 < 0.01 < 0.02 0.02 < 0.02 0.05 
Mean values are given in parentheses. 
N: number of samples. 
a The methods applied for Mn in sediments and Cr in fishes have limited reliability. 
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and kept on ice in the field. In the laboratory, individual samples were sieved in a 2-mm 
stainless steel sieve to remove gravel particles and large detritus and then oven dried at 50
o
C 
to constant weight. After drying, samples were ground in a marble mortar with a pestle, 
identified, and stored in polyethylene bags. Aqua regia (4 ml HNO3 70.5% [Ultrex, 
J.T.Baker, Canada] and 12 ml of HCl 37% [Instra-analyzed, J.T.Baker, Phillipsburg, NJ]) 
was added to an aliquot of 0.5 g dry weight (dw) and left at room temperature overnight. 
Afterward, samples were digested in a microwave sample preparation system (MDS-2000 at 
1920 W; CEM, Mathews, NC) with 0 to 100% full power (630 W) capability adjustable in 
1% increments. For 12-position sample carousel, 5 sequential stages of varying power and 
time intervals were programmed: (1) 30% power, 100 PSI, 4 minutes; (2) 80% power, 120 
PSI, 4 minutes; (3) 100% power, 170 PSI, 20 minutes; (4) 50% power, 170 PSI, 6 minutes; 
(5) no power, no pressure, 15 minutes. Fumes from acidified sediment extracts were released 
using N2(g) to avoid spectral interference of HNO3 with Hg analysis. Samples were finally 
diluted to 100 ml with distilled deionized water. Analyses of Fe, Mn, Al, Zn, Cr, Cu, Cd, Ni, 
Pb, and As were performed using an inductively coupled plasma-atomic emission 
spectrometer (ICP-AES, Varian Vista Axial View; Mulgrave, Victoria, Australia), and Hg 
was measured with cold vapor atomic fluorescence spectroscopy (CV-AFS; Cetac M-8000, 
Omaha, NE). Analyses were performed according to standard methods (APHA, 1998).  
 
Invertebrates  
Invertebrates were collected in the littoral substrates using a macrofauna net. Animals were 
sorted, washed with local water, and transported in polyethylene flasks to the laboratory. In 
the laboratory, organisms were choosen manually, counted, and identified live with available 
keys. Important macrofauna available in the sampling locations was collected: freshwater 
snails Pomacea haustrum and M. tuberculata (gastropods), shrimps Macrobrachium sp. and 
crabs Ucides sp. (Crustaceans, Decapoda), and water bugs belonging to the order Hemiptera. 
Information about their feeding habits is listed in Table 3.2. Samples were held overnight in 
water from the site for gut clearance. Individuals (numbers varied from 2 to 260, depending 
on the species abundance at each site) were pooled to prepare 1 sample for each species-
location combination (thus avoiding pseudo replication), and the wet weight (ww) was 
recorded. In total, 16 samples were analyzed for Mãe-Bá Lagoon (Table 3.1) and 7 samples 
were analyzed for the surrounding areas. For gastropods, the soft tissues were dissected for 
analysis, whereas the whole body was taken for the other organisms. Organisms were stored  
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Table 3.2. Invertebrates and fish species collected in the study area and their ecologic 
characteristics 
Local name (popular name)  Scientific name Feeding type (food items) Biotic 
Compartment 
Red-rim melania (snail) Melanoides tuberculata Detritivorous, herbivorous (organic debris) Plants, benthos 
Snail Pomacea haustrum  Herbivorous Plants, benthos 
Shrimp Macrobrachium sp. Omnivorous (detritus, algae, animal prey) Benthos 
Crab Ucides sp. Omnivorous (detritus, algae, animal prey) Benthos 
Water bug Hemiptera (order) Omnivorous (fluids of plants, insects, small 
animals) 
Benthos 
Acará (pearl cichlid) Geophagus brasiliensis Omnivorous (debris, algae, invertebrates) Benthopelagic 
Tilápia Tilapia rendalli Omnivorous (debris, algae, invertebrates) Benthopelagic 
Cambotá, Cascudo (catfish) Hoplosternum littorale Omnivorous (debris, algae, invertebrates) Demersal 
Tainha (mullet) Mugil liza Omnivorous (debris, algae, invertebrates) Demersal 
Cumbaca, Duiá (singing 
catfish)  
Trachelyopterus 
striatulus 
Invertivorous (aquatic and terrestrial 
invertebrates) 
Demersal 
Bagre, Jundiá (freshwater 
catfish) 
Rhamdia quelen Carnivorous (fish-acara-, invertebrates) Benthopelagic 
Traíra Hoplias malabaricus Carnivorous (fish-acaras and tilapias- and 
invertebrates) 
Benthopelagic 
Tucunaré Cichla ocellaris Carnivorous (fish-acaras and tilapias) Benthopelagic 
  
frozen and then freeze-dried (Labconco) at –80oC until constant weight. Individual samples 
were ground in a marble mortar, and an aliquot of 0.5 g dw was digested with 2 ml distilled 
deionized water and 5 ml HNO3 70.5% (Ultrex) in a microwave sample preparation system 
(MDS-2000 at 1920 W; CEM) with 0 to 100% full power (630 W) capability adjustable in 
1% increments. For a 12-position sample carousel, 5 sequential stages of varying power and 
time intervals were programmed: (1) 50% power, 30 PSI, 10 minutes; (2) 100% power, 70 
PSI, 5 minutes; (3) 100% power, 100 PSI, 5 minutes; (4) 80% power, 125 PSI, 10 minutes; 
(5) no power, no pressure, 15 minutes. Samples were then diluted to 20 ml with distilled 
deionized water for analyses. Total concentrations of Fe, Mn, Zn, Al, Cu, Cd, Ni, Pb, Cr, and 
As were measured with inductively coupled plasma-mass spectrometry (ICP-MS; Thermo 
Finnigan Element 2, Bremen, Germany), and Hg was measured with CV-AFS (PS Analytical 
Millenium Merlin; Orpington, Kent, UK). 
 
Fishes 
To sample the main components of the fish community in the lagoons, samples were 
collected using gill nets of various mesh sizes (20, 25, 30, 40, and 50 mm). They were placed 
at the sites in the afternoon and removed the next morning. A total of 61 individuals, 
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representing three orders and eight species were collected: Perciforme (Geophagus 
brasiliensis, Tilapia rendalli, Mugil liza, and Cichla ocellaris), Siluriforme (Hoplosternum 
littorale, Trachelyopterus striatulus, and Rhamdia quelen) and Characiforme (Hoplias 
malabaricus) (Table 3.2). Fishes were transported on ice to the laboratory and preserved 
frozen (-20
o
C). They were defrosted, and individual weights ( 0.1 g) and lengths ( 1 mm) 
were measured. Whole fishes were dissected shortly after thawing. Muscles from all 
individuals, and gills and livers from fishes collected at site ML-CDE, were removed and 
weighed. The tissues were freeze-dried at –80oC until constant weight. Muscle, gill, and liver 
of the specimens of the each species-location combination were pooled to avoid pseudo 
replication and homogenized. In total, for muscle tissue, 16 samples were analyzed for Mãe-
Bá Lagoon (Table 3.1) and 3 samples were analyzed for the surrounding areas. For gill and 
liver tissue, 8 and 7 samples, respectively, were analyzed for Mãe-Bá Lagoon. Fish samples 
were ground in a marble mortar, and an aliquot of 0.5 g dw was digested with 2 ml distilled 
deionized water and 5 ml HNO3 70.5% (Ultrex) in the microwave sample preparation system 
as previously described. Samples were then diluted to 20 ml with distilled deionized water for 
analyses. Total trace element concentrations were measured as previously described. To 
compare our values to those in the literature, we calculated trace element concentrations on a 
wet-weight basis by dividing the dry weight results by the calculated conversion factor of lost 
humidity. Condition factors ([body weight (g)/(length (cm))
 3
] x 100) and liver somatic 
indexes ([liver weight (g)/body weight (g)] x 100) were not significantly different among 
locations and therefore did not affect the results.  
 
Stable isotopes analysis 
To determine whether differences in trace element uptake of preys could explain the 
variability of concentrations in their predators, the relations between predator and prey and 
the different trophic levels were identified within Mãe-Bá Lagoon using stable isotopes and 
available dietary information. For interpretation of fish data, only the muscle of the dorsal 
region was taken because its isotopic composition is expected to be less variable than the 
other parts of the body (Pinnegar and Polunin, 1999; Zuanon et al., 2006).  
Oven-dried sediments and freeze-dried invertebrates and fish samples were 
homogenized, and sub-samples were weighed in tin capsules on a microbalance (Sartorius 
M2P; Goettingen, Germany) for analyses of N (1.2  0.2 mg) and C (0.5  0.1 mg). Stable 
isotopes were measured in separate runs for N and C using an elemental analyzer (NC2500; 
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ThermoQuest Italia, Rodana, Italy) coupled with an isotope ratio mass spectrometer (Delta 
Plus; ThermoQuest Finnigan, Bremen, Germany).  
Stable isotope values were expressed as a ratio (R) of the heavy to the light isotope 
(
13
C/
12
C or 
15
N/
14
N) and standardized with respect to internationally recognized reference 
materials (atmospheric air for N and VPDB [Vienna Pee Dee belemnite] for C) as follows 
(Equation 3.1): 
 
 (‰) = [(Rsample/Rreference) – 1] x 1000    (3.1) 
 
The official standards used for δ13C were as follows: (1) United States Geological Survey-24 
graphite (National Institute of Standards and Technology [NIST], Gaithersburg, MD; δ13C 
‒16.05 ‰); (2) IAEA-601 benzoic acid (International Atomic Energy Agency, Vienna, 
Austria, δ13C ‒28.81 ‰); and (3) IAEA-CH7 PEF (δ13C ‒32.15 ‰). The official standards 
used for δ15N were IAEA-N1 (0.43 ‰) and IAEA-N2 (20.41 ‰). An organic peat soil 
sample with a known value of δ13C ‒28.5 ‰ and δ15N ‒1.01 ‰ was used as quality control. 
Instrument precision was better than 0.15 ‰ for C and N based on replicate analysis of 
standard reference materials. 
 
Quality control  
Analytical quality of the trace element determinations in sediments was monitored by 
comparison with the standard reference material 1944 (New York/New Jersey waterway 
sediment [NIST]). For invertebrates and fishes, quality control was assured by the certified 
reference material DOLT-2 (dogfish liver, National Research Council, Ottawa, Canada) and 
the standard reference material 2977 (mussel tissue [NIST]). Comparison of measured 
concentrations in the reference materials with the certified values showed agreement within ± 
10% for most elements. The exceptions were Hg and As for invertebrates, Hg and Ni for fish, 
and Cr and Ni for sediments, for all of which the matching was within ± 20%. Chromium in 
fish and Mn in sediment showed a less favorable matching (± 30%). For these metals, the 
results were accepted because of the satisfactory repeatability (coefficient of variation < 15% 
for Cr and < 5% for Mn) and were used only for relative comparisons. The recovery for Al in 
sediment measurements was low (30 ± 3%). This was probably explained by its association 
with silicates, which were not decomposed in the acid digestion with aqua regia. Therefore, 
we decided to exclude Al from the data analysis for sediments.  
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During analysis, calibration and verification standards were regularly used in 
measurements series to evaluate the calibration curves. Blank verification samples were 
frequently run to verify absence of carryover effects. Standards and internal control samples 
were included in the final analysis to correct for drift of baseline and response factor during 
analysis. Analytical detection limits were based on three times the SDs of the reagent blanks 
measurements. Detection limit for sediments analysis was (in µg/g dw) 60 for Fe, 0.24 for 
Mn, 0.59 for Zn, 0.43 for Cu, 1.2 for Cr, 0.13 for Pb, 0.07 for Ni, 0.01 for Cd, 0.17 for As, 
and 0.002 for Hg. For invertebrates, detection limit was (in µg/g dw) 0.90 for Fe, 0.10 for 
Mn, 0.80 for Al, 0.60 for Zn, 0.06 for Cu, 0.02 for Cr, 0.02 for Pb, 0.03 for Ni, 0.01 for Cd, 
0.005 for As, and 0.004 for Hg. In the case of fish analysis, detection limit was (in µg/g dw) 
0.40 for Fe, 0.01 for Mn, 5.5 for Al, 0.20 for Zn, 0.10 for Cu, 0.04 for Cr, 0.01 for Pb, 0.02 
for Ni, 0.005 for Cd, 0.02 for As, and 0.01 for Hg. The repeatability was further monitored by 
duplicate detections of each sample. All reagents used during analysis were of at least 
analytic grade.  
 
Statistical analyses 
Statistical data analysis was performed using the software package SPSS for windows 
(version 16.0; SPSS, Chicago, IL). One half of the value of the limit of detection of each 
trace element was substituted for those values below the limit of detection and applied in 
statistical analyses. The combinations of species and locations, built up by grouping various 
individuals per species, enabled us to decrease SDs and biases in estimates of the averages. 
Before statistical analysis, data were tested for normality using the Kolmogorov–Smirnov test 
and for homogeneity of variance using Levene’s test (Field, 2005). Logarithmic 
transformations to correct for nonhomogeneous variance and nonnormality were applied 
when necessary. Independent sample t tests, one-sample t tests, and one-way analysis of 
variance (ANOVA) with Bonferroni post hoc tests were used to compare the concentrations 
of trace elements among compartments (sediments, N = 10, invertebrates N = 16, and fishes 
N = 16), among fish tissues (muscle N = 8, liver N = 7, and gill N = 8), and among species 
(for example, gastropods M. tuberculata and P. haustrum N = 8 and Macrobrachium sp. N = 
6). For those variables that did not show a normal distribution or a homogeneous variance, 
not even after transformation, nonparametric Kruskal-Wallis and Mann-Whitney tests (with 
Bonferroni correction) were applied. Simple linear regression analysis was employed to 
analyze relations between trace element concentrations and δ15N. Because of the different 
number of observations among species, regressions were performed with a weighted least 
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squares model to assure that all species contributed equally to the regression analysis. A 
probability value < 0.05 was considered to indicate statistical significance in this study.  
 
RESULTS AND DISCUSSION 
 
Trace element accumulation in sediments and biota  
The concentrations of trace elements in sediments, invertebrates, and fishes (muscle) 
from Mãe-Bá Lagoon are listed in Table 3.1. Concentrations of Fe, Cr, Ni, Pb, and Cd were 
significantly higher in sediments than in invertebrates and fishes (Mann-Whitney test, p < 
0.05). The concentrations of several elements ‒ such as Fe, Mn, Al, Zn, Cu, Cr, Ni, Pb, and 
As ‒ in invertebrates were significantly higher than in the fishes analyzed (Mann-Whitney 
test, p < 0.05). Trace element levels in invertebrates varied widely among taxa and even 
within closely related taxa (Table 3.1). The gastropods M. tuberculata and P. haustrum 
generally had the highest element levels, whereas Macrobrachium sp. showed the lowest 
trace element content (independent sample t test, p < 0.05). Among the crustaceans, the crab 
Ucides sp. generally showed higher trace element levels compared with the shrimp 
Macrobrachium sp. (one-sample t test, p < 0.05). However, in this study regarding N = 1 for 
Ucides sp., data from Pereira et al. (2008) corroborate this finding. Possible explanations for 
intertaxon variability in element concentrations include species-specific differences in 
bioaccumulation dynamics as well as differences in trace element exposure, such as those 
related to dietary preferences, foraging behavior, food web structure, and trophic position 
(Croteau et al., 2005).  
Trace element concentrations in fish muscle (except Cd) showed no significant 
correlations with fish length, indicating that the results were not affected by potential 
differences in fish age. Relatively high concentrations of Hg were observed in H. 
malabaricus (average 1.0 µg/g dw) compared with other fish species (< 0.01 to 0.29 µg/g 
dw). Concentrations of toxic elements, such as Cd, Pb, As, Ni, and Cr were low in fish 
muscles (< 0.5 µg/g dw). Comparing the fish tissues across all species, liver showed the 
highest tissue concentrations of the essential metals Fe and Cu, while Zn was significantly 
higher in liver and gill (Table 3.3) (one-way ANOVA p < 0.05 for Fe and Zn and Mann-
Whitney test p < 0.05 for Cu). The trace metals Hg and Cd were high not only in liver but 
also in muscle, whereas Mn and Cr were significantly higher in gill compared with muscle 
(one-way ANOVA p < 0.05). Higher trace element levels in fish tissues were generally found 
in the species H. littorale, R. quelen, H. malabaricus, and C. ocellaris (Tables 3.1 and 3.3).  
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Table 3.3. Trace element concentrations (µg/g dw) in gill and liver from fishes collected at 
Mãe-Bá Lagoon (region ML-CDE).  
Species Tissue Fe Mn Al Zn Cu Cra Pb Ni Cd Hg As 
G. brasiliensis Liver 867 20 335 58 15 0.37 0.27 0.16 0.15 0.09 0.25 
 Gill 234 11 < 5.5 124 1.5 0.13 0.03 < 0.02 0.01 < 0.01 0.10 
T. rendalli Liver 280 7.5 14 141 15 0.20 0.09 0.06 0.07 0.09 0.08 
 Gill 289 7.0 13 93 2.7 0.33 0.06 0.04 0.01 < 0.01 0.04 
R. quelen Liver 1,121 4.8 < 5.5 96 17 0.05 < 0.01 < 0.02 0.14 0.28 0.08 
 Gill 154 28 < 5.5 85 1.9 0.32 0.04 < 0.02 < 0.005 0.05 0.03 
H. littorale Liver 2,310 3.8 < 5.5 110 150 0.10 0.02 0.03 0.03 0.02 0.04 
 Gill 214 23 < 5.5 59 7.6 0.05 0.02 < 0.02 < 0.005 < 0.01 < 0.02 
Mugil liza Gill 268 57 24 94 2.7 0.11 0.36 0.03 0.02 < 0.01 0.12 
T. striatulus Liver 567 3.9 < 5.5 92 10 0.17 0.02 < 0.02 0.08 0.07 0.07 
 Gill 186 13 < 5.5 113 3.2 0.39 0.03 0.04 0.01 0.02 0.08 
H. malabaricus Liver 1,835 5.0 < 5.5 305 195 < 0.04 0.08 < 0.02 0.08 0.09 < 0.02 
 Gill 118 31 6.6 356 1.9 0.60 0.03 0.07 0.03 < 0.01 0.03 
C. ocellaris Liver 610 19 < 5.5 201 51 0.06 < 0.01 0.04 0.05 0.24 0.04 
 Gill 86 24 < 5.5 124 1.2 0.39 < 0.01 < 0.02 0.01 < 0.01 < 0.02 
a The methods applied for Cr have limited reliability. 
 
Despite the fact that the species R. quelen, H. malabaricus, and C. ocellaris have 
piscivourous habits, they may also feed on benthic invertebrates and sediments, preferring the 
muddy bottom of shallow waters (Menezes and Figueiredo, 1980). High trace element 
concentrations usually occur in fish associated with substrata or in fish that feed on it. 
 
Relations between 13C and δ15N values 
Stable carbon isotope values varied greatly among food web components at Mãe-Bá 
Lagoon (–33.9 ‰ to –15.4 ‰), suggesting assimilation of carbon from a variety of sources 
(Table 3.1 and Figure 3.2). The sediments, sampled to estimate the source of organic matter, 
were lighter in δ13C (–26.2 ‰  2.3 ‰) compared with invertebrates and fishes (–23.2 ‰  
3.4 ‰)  (one-way ANOVA, p < 0.05). Among the fish species, the 13C value for H. littorale  
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Figure 3.2. Mean ± SD δ13C and δ15N of sediments, invertebrates, and fishes from Mãe-Bá 
Lagoon.  
 
strongly deviated (‒33.9‰) from that of the other species (–22.6 ‰  1.6 ‰) (Table 3.1). 
Because H. littoralle feeds on different carbon sources, this species probably belongs to a  
different food chain and therefore was excluded from analysis of trace element trophic 
transfer. Based on isotopic values for primary producers reported in the literature for 
Brazilian freshwater ecosystems, we infer that most fish species from Mãe-Bá Lagoon are 
probably benthic consumers, receiving significant part of their energy from sources such as 
algae (13C between –19 ‰ and –25 ‰) (Brito et al., 2006) and macrophytes (13C between –
25.5 ‰ and –27 ‰) (Garcia et al., 2006).  
Stable nitrogen isotope data (ranging from 1.4 ‰ to 11.1 ‰, Table 3.1 and Figure 
3.2), were used to indicate trophic positions of organisms in the food web of Mãe-Bá Lagoon. 
The value of δ15N for sediments was 3.7 ‰  1.6 ‰. Among the invertebrates, the 
gastropods P. haustrum and M. tuberculata and the insect Hemiptera occupied the lower 
position in the food web (δ15N 5.0 ‰  0.8 ‰). The next level was composed by the 
crustaceans Macrobrachium sp. and Ucides sp., the omnivorous fishes G. brasiliensis, T. 
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rendalli, and M. liza, and the invertivorous fish T. striatulus (δ15N 8.3 ‰  1.4 ‰). The 
carnivorous species R. quelen, H. malabaricus, and C. ocellaris occupied higher trophic 
position (δ15N 9.9 ‰  0.9 ‰).  
Fish body size significantly increased with trophic level (as indicated by δ15N) (Figure 
3.3). The differences in δ15N values among different length classes probably reflect changes 
in feeding behaviour of larger individuals compared to smaller ones. Moreover, they also 
suggest that age is an important factor controlling the trophic position of fishes in the food 
web.  
 
Relationships between trace element content and 15N values 
Relations between the 15N and the log-transformed concentrations of trace elements 
in biota were examined to investigate the trophic level-dependent accumulation of trace 
elements in the organisms from Mãe-Bá Lagoon (Figure 3.4). Concentrations of all trace 
elements, except Hg, decreased with increasing 15N values because significant (p < 0.05) 
negative slopes were obtained for all elements analyzed (Table 3.4). Previous studies have 
shown negative correlations between 15N and various trace elements in different food webs 
(Campbell et al, 2005; Asante et al., 2008; Marin-Guirao et al., 2008), suggesting that some 
elements might be partially biodiluted with increased trophic level or might be 
bioconcentrated by organisms, but they do not biomagnify in food chains.  
Because of comparisons between invertebrates and fishes can be biased due to 
biological differences among species (Reinfelder et al., 1998), linear regressions were also 
performed separately for invertebrates and fishes at Mãe-Bá Lagoon (Table 3.4). As indicated 
by the significant p values, 15N values were negatively correlated with trace elements in 
invertebrates (except for Cu, Zn, and As). However, except for Mn, no correlation between 
15N and trace elements was observed in fishes (p > 0.05). Even with respect to Hg, a trace 
metal that usually biomagnifies in higher-trophic animals, no significant positive correlations 
with 15N were observed in this study. This lack of clear trend may be due to the fast growth 
of fish species in the tropical areas, which could result in growth biodilution, as observed by 
Desta et al., (2007) in African catfish and by Ikemoto et al., (2008) in different species from 
Southeast Asia. 
Decreasing concentrations of trace elements with trophic levels in invertebrates may 
be explained by species differences. The higher levels recorded in the gastropods M. 
tuberculata and P. haustrum compared to the crustacean Macrobrachium sp. reinforced the  
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Figure 3.3. Relation between δ15N (‰) and total length (cm) of fishes (N = 15) from Mãe-Bá 
Lagoon.  
 
negative regressions observed. Gastropods are good trace element accumulators, which can 
probably be explained by their feeding habits of taking in sediment-bound and organic 
matter-adsorbed metals (Adewunmi et al., 1996; Eisemann et al., 1997; Lau et al., 1998; 
Callil and Junk, 2001). Moreover, trace element assimilation efficiency in gastropods is high 
due to the binding of trace elements in available form, such as metallothioneins or in less 
available forms, such as in the mineralized phosphate granules (Wang, 2002). Although the 
diet of the crustacean decapods is based on detritus, it also includes several other items, such 
as insects, fish remains, small crustaceans, mollusks, and Polychaeta (Albertoni et al., 2003). 
These prey and food items probably show poor trace element assimilation, therefore limiting 
the trophic transfer to their predators. Moreover, as suggested by Watanabe et al., (2008), 
invertebrates at higher trophic levels may exhibit increasingly efficient excretion of certain 
elements. With respect to some essential metals, such as Cu and Zn, decapod crustaceans 
have developed mechanisms to regulate their body concentrations, showing constant total 
body concentrations independently of external environmental concentrations (Marsden and 
Rainbow, 2004).  
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Figure 3.4. Relations between trace element content (log-transformed µg/g dw) and δ15N 
values (‰) in invertebrates and fishes (N = 31) from Mãe-Bá Lagoon. Lines represent the 
estimated linear relation between both variables. Linear-regression equations and levels of 
significance are in Table 3.4. 
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Table 3.4. Linear-regression equations between log-transformed concentrations of trace 
elements and δ15N for invertebrates (5 species) and fishes (7 species) from Mãe-Bá Lagoon.  
 Invertebrates and fishes (N = 31) Invertebrates (N = 16) Fishes (N = 15) 
Elements Slope Intercept R2 p Slope Intercept R2 p Slope Intercept R2 p 
LogFe -0.362 4.955 0.589 < 0.001 -0.439 5.582 0.380 0.011 -0.014 1.636 0.037 0.490 
LogMn -0.463 4.456 0.764 < 0.001 -0.514 4.976 0.676 < 0.001 -0.073 0.716 0.298 0.035 
LogZn -0.099 2.524 0.490 < 0.001 -0.036 2.266 0.077 0.298 0.011 1.434 0.012 0.692 
LogAl -0.331 3.993 0.619 < 0.001 -0.408 4.640 0.593 < 0.001 0.041 0.447 0.032 0.523 
LogCr -0.193 0.584 0.441 < 0.001 -0.257 1.000 0.285 0.033 -0.065 -0.620 0.070 0.342 
LogCu -0.265 2.725 0.567 < 0.001 -0.006 1.554 0.001 0.887 0.012 -0.052 0.014 0.672 
LogPb -0.292 0.943 0.681 < 0.001 -0.307 1.159 0.525 0.002 -0.075 -1.140 0.092 0.271 
LogNi -0.317 1.242 0.694 < 0.001 -0.272 1.198 0.505 0.002 -0.025 -1.584 0.025 0.577 
LogHg -0.080 -0.461 0.078 0.128 -0.277 0.720 0.519 0.002 0.150 -2.591 0.094 0.267 
LogCd -0.122 -0.407 0.370 < 0.001 -0.350 0.823 0.692 < 0.001 -0.064 -0.865 0.228 0.072 
LogAs -0.358 2.152 0.537 < 0.001 -0.139 1.251 0.147 0.143 0.015 -1.533 0.002 0.888 
The values listed in bold are significant at p < 0.05.  
N number of samples. 
 
In the case of fish species, the general absence of significant relations between trace 
elements and δ15N, as well as the lack of clear patterns given by the signs of the slopes of the 
regression equations (Table 3.4) reflect the influence of omnivory on the species studied 
(Jardine et al., 2006). This means that the individuals collected, mostly juveniles, feed on 
more than one trophic level, despite being progressively enriched in δ15N with age (as given 
by length). Moreover, there is less variation on assimilation patterns of trace elements among 
fish species than among invertebrates (Wang, 2002). Furthermore, most trace elements 
accumulate in certain organs, such as liver and kidney, but are regulated to very low levels in 
fish muscle (Reinfelder et al., 1998). Even when using the whole fish tissue for analysis, the 
same pattern is observed because muscle contributes to the most mass to the body of a fish.  
Several explanations may be possible for the observed lack of trophic transfer of trace 
elements among the study organisms. Some of the elements are actively regulated (e.g., Cu 
and Zn) (van Hattum et al., 1991), excreted, or detoxified and deposited as inert storage 
molecules (e.g., phosphate granules), and thus made unavailable for trophic transfer. In 
addition, some elements are poorly absorbed from the diet (Friberg et al., 1979) or are 
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absorbed from other routes of exposure, such as adsorption over the gills and uptake via 
ingested water.  
 
Comparison of trace element concentrations with those from other locations and 
with guidelines for human consumption  
To assess if anthropogenic inputs affect stable isotopes signatures and trace element 
levels at Mãe-Bá Lagoon, data were compared with concentrations from the mining area 
(sites SD and ND) and from two nearby lagoons (sites GL and IL, that did not receive 
industrial effluents). The δ13C values in sediments (‒31.2 ‰) and invertebrates (P. haustrum 
‒37.9 ‰ and Hemiptera, ‒43.1 ‰) (Table 3.5) found at ND were lighter than their 
counterparts from Mãe-Bá Lagoon (sediments: -26.2 ‰  2.3 ‰, invertebrates P. Haustrum 
‒26.1 ‰ and Hemiptera ‒24.8 ‰) (Table 3.1). In contrast, δ15N values in sediments (7.6 ‰) 
and invertebrates (P. haustrum 10.4 ‰ and Hemiptera 11.5 ‰) (Table 3.5) at ND were 
heavier than their counterparts from Mãe-Bá Lagoon (sediments 3.7 ‰  1.6 ‰, 
invertebrates P. haustrum 4.5 ‰ and Hemiptera 5.6 ‰) (Table 3.1). It is likely that the 
primary consumers at ND are receiving an allochthonous carbon source and are greatly 
influenced by higher nitrogen inputs due to industrial effluents, which contain amines used in 
 
Table 3.5. δ13C and δ15N (in ‰) and trace element concentrations (in µg/g dw) in sediments, 
invertebrates, and fish muscle collected at Santarém Dam (SD), North Dam (ND), 
Guanabara Lagoon (GL) and Icaraí Lagoon (IL).  
Site Species δ13C δ15N Fe Mna Al Zn Cu Cra Pb Ni Cd As Hg 
Sediments               
ND - -31.2 7.6 62,000 243 - 112 154 51 27 14 1.17 16 0.37 
GL - -27.1 6.2 20,000 39 - 14 2.3 32 20 8.0 0.30 5.7 0.08 
IL - -24.5 5.4 7,100 55 - 6.9 1.9 11 9.6 1.1 0.11 9.2 0.03 
Invertebrates               
ND P. haustrum -37.9 10.4 1,969 1,354 928 378 228 4.7 1.7 3.2 0.59 14 0.51 
 
Hemiptera 
(order) 
-43.1 11.5 303 33 153 207 35 0.49 0.27 0.37 0.04 0.78 0.08 
GL P. haustrum -23.8 5.9 5,306 7,363 2,141 269 96 4.5 1.6 2.4 0.39 8.0 0.52 
 M. tuberculata -23.5 7.3 11,912 312 2,327 106 36 2.5 1.1 1.6 0.30 4.1 0.57 
 
Macrobrachium 
sp. 
-23.7 11.8 29 2.8 34 85 22 0.05 0.02 0.03 <0.01 0.60 0.04 
IL 
Macrobrachium 
sp. 
-25.2 10.4 55 9.0 23 71 44 0.03 <0.02 0.05 0.01 1.6 0.17 
 Ucides sp. -25.2 8.5 1,119 34 979 114 28 0.67 0.31 0.27 0.14 0.62 0.35 
Fishes               
SD G. brasiliensis -21.8 6.5 103 8.6 30 29 1.1 0.15 0.03 0.03 0.02 0.06 2.5 
GL H. littorale -23.9 11.5 90 1.2 115 22 1.7 0.33 0.05 0.04 0.04 0.10 0.37 
IL G. brasiliensis -26.0 7.7 142 3.8 126 68 1.3 0.17 0.17 0.09 0.12 0.23 0.08 
a The methods applied for Mn in sediments and Cr in fishes have limited reliability. 
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the flotation process. Generally, trace element concentrations in sediments and invertebrates 
from ND were significantly higher compared with Mãe-Bá Lagoon (one-sample t test, p < 
0.05). Moreover, levels of Fe, Mn, and Hg were significantly higher in fish collected at SD 
compared with its counterpart from Mãe-Bá Lagoon (one-sample t test, p < 0.05). These 
results indicate that the iron ore mining and processing activities constitute potential sources 
of trace elements to the lagoon. However, because bioavailability was predicted to be low 
(Pereira et al., 2008), trace element contamination of the local biota seems to be limited at 
Mãe-Bá Lagoon. 
Trace element levels, except for Cd, As, and Hg, in P. haustrum from GL were higher 
than levels found at Mãe-Bá Lagoon. Moreover, trace element concentrations in fish muscle 
from GL and IL were generally significantly higher than levels recorded in the same species 
from Mãe-Bá Lagoon (one-sample t test, p < 0.05) (Table 3.5). These results confirm the 
occurrence of anthropogenic inputs (probably by atmospheric deposition) and the predicted 
high trace element bioavailability in these lagoons (Pereira et al., 2008).  
Except for Fe, Mn, Al, and Hg, concentrations of trace elements in invertebrates 
collected at Mãe-Bá Lagoon were lower than levels found for other species from 
contaminated areas elsewhere (Carvalho et al., 1991; Silva et al., 2001; Amado-Filho et al., 
2008). Levels of Fe (27 to 13,623 µg/g dw), Mn (4 to 2,703 µg/g dw) and Al (9 to 3,995 µg/g 
dw) are probably related to the presence of these elements in the local sediments, rich in iron 
oxides released by the mining operations. The concentrations of Hg in gastropods (0.24 to 1.3 
µg/g dw) from Mãe-Bá Lagoon are consistent with the data of Lacerda et al., (1991) and 
Callil and Junk, (2001), who observed similar Hg levels in gastropods in areas where this 
metal was used in the gold-extraction process. Although these species are not in the diet of 
the local human population, their contamination can represent a potential risk to the local 
ecosystem because of their importance for local food webs.  
Levels of Fe (280 to 2,310 µg/g dw) and Cu (10 to 195 µg/g dw) in fish livers from 
Mãe-Bá Lagoon are comparable with those of other species from freshwater systems 
considered polluted by trace metals (Swales et al., 1998; Avenant-Oldewage and Marx, 2000; 
Lwanga et al., 2003; Wagner and Boman, 2003; Yilmaz et al., 2007). However, 
concentrations of all trace elements in fish muscle were low and did not exceed the maximum 
levels for consumption established by Brazilian legislation (Brasil, 1965; Brasil, 1998). 
Levels were also lower than permissible limits reported by the Food and Agriculture 
Organization of the United Nations (FAO; Nauen, 1983), the United States Environmental 
Protection Agency (USEPA, 1989) and the European Union (2001). Based on the maximum 
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acceptable weekly intake quantity of trace elements defined by USEPA (1998) and the 
FAO/World Health Organization (2007), we conclude that fish muscle of all species studied 
from Mãe-Bá Lagoon is suitable for human consumption. People must eat, on average, > 20 
kg fish/week to exceed the recommended safety limits for trace element intake. 
 
  CONCLUSIONS 
 
This study has shown that trace element accumulation in biota from a tropical coastal 
lagoon depends not only on the trophic position of the organisms but also on the 
characteristics of the species involved. Gastropods, which occupy lower trophic positions, 
generally show higher trace element levels than crustaceans and fishes, probably explained 
by their feeding habit based on detritus and their high metabolic capacity of trace elements. 
Although age (based on length) covaries with the trophic position of fishes, it does not 
influence the concentration of trace elements. Omnivory, low variation in trace element 
assimilation, and fast growth may explain the general lack of correlation between δ15N and 
trace element levels in fishes. Trace element accumulation is variable among fish tissues, 
with higher levels of most trace elements in liver compared with muscle and gill. Trace 
element concentrations in fish muscle are lower than international safety baseline standards 
for human consumption. Organisms from other contaminated sites, including the stations 
directly influenced by the iron ore mining and processing waste and from two nearby coastal 
lagoons, are generally exposed to higher levels of trace elements than those from the studied 
lagoon. 
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ABSTRACT 
 
In the present study we used several antioxidative and oxidative stress biomarkers to 
investigate possible effects of hepatic Fe and trace element (Cu, Mn, Al, Zn, Cr, Ni, Pb, Cd, 
Hg, and As) accumulation in seven fish species (teleosts) from a tropical coastal lagoon 
(Mãe-Bá Lagoon) receiving effluents from iron-ore mining and processing. Fish from nearby 
coastal lagoons were also included to assess possible differences related to trace element 
exposure. The oxidative stress biomarker, lipid peroxidation was measured 
spectrophotometrically as malondialdehyde (MDA). The antioxidant status was measured 
fluorometrically as catalase (CAT) and spectrophotometrically as superoxide dismutase 
(SOD) and glutathione S-transferase (GST). Large differences were observed in MDA and 
antioxidant enzyme activities (except CAT) among species and response patterns appeared to 
be species-specific. Although the species Mugil liza and Geophagus brasiliensis showed 
increased levels of antioxidant enzymes (SOD and GST), their MDA levels suggest some 
level of oxidative stress in their livers. This might be related to the high levels of some 
elements, especially Fe. Comparing the seven species studied, Tilapia rendalli in Mãe-Bá 
Lagoon showed the lowest trace element accumulation and MDA levels and relatively high 
antioxidant enzyme activities (SOD and GST). Our findings indicate that significant 
interspecies differences were apparent regarding trace element exposure and the activity of 
the oxidative stress parameters tested.  
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INTRODUCTION  
 
Trace element ions are well known inducers of oxidative stress. They can stimulate 
reactive oxygen species (ROS) production via two different mechanisms (Lushchak, 2011). 
Redox active elements such as Fe, Cu, and Cr generate ROS, including superoxide anion 
(O2
•‾), hydrogen peroxide (H2O2), hydroxyl radical (
•
OH), and singlet oxygen (O2
1
), through 
redox cycling (Valavanidis et al., 2006). Trace elements without redox potential, such as Hg, 
Ni, Pb, and Cd, impair antioxidant defences, especially those involving thiol-containing 
antioxidants and enzymes (Stohs and Bagchi, 1995). Enzymatic antioxidants such as 
superoxide dismutase (SOD) and catalase (CAT) provide protection against ROS by 
catalytically converting the oxidants to less reactive species. Glutathione S-transferase (GST), 
a biotransformation enzyme, protects cells against toxicants by conjugating to glutathione 
thereby neutralizing their eletrophilic sites and rendering the products more water-soluble 
(Matés, 2000). 
The development of mining and metal processing activities is one of the factors 
leading to increased discharges of trace elements in aquatic ecosystems. In this investigation 
we are interested in the possible toxicological effects of effluents from iron-ore mining and 
processing on fish species from a tropical coastal lagoon in Brazil. Toxicological effects 
caused by effluents from iron-ore mines have been reported due to the potential role of Fe 
(and other trace elements) in the formation of free radicals leading to the process of lipid 
peroxidation, i.e. an oxidative stress biomarker (Hamoutene et al., 2000). Iron is an essential 
mineral and nutrient with limited bioavailability under aerobic conditions. Because of its 
redox activity, by way of Fenton or Haber-Weiss reactions, Fe can produce reactive hydroxyl 
radicals in the presence of hydrogen peroxide (Matés, 2000). The process of lipid 
peroxidation is composed of a set of chain reactions, with the formation of lipid 
hydroperoxides, which can easily decompose into several reactive species, such as e.g., 
malondialdehyde (MDA) (Valavanidis et al., 2006). Most of the reactive species are toxic and 
active mutagens, and are also implicated in the promotion of carcinogenesis (Valko et al., 
2005). 
Fish has been widely used to evaluate the health of aquatic ecosystems. The liver 
plays an important role in vital functions and it is the major organ of accumulation, 
biotransformation, and excretion of contaminants in fish (Peixoto et al., 2006). The 
metabolization of contaminants is highly dependent on the fish species. The presence of 
species differences in biochemical responses has been demonstrated by numerous studies 
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(Ferreira et al., 2005;Gonzalez et al., 2009;Da Rocha et al., 2009;Solé et al., 2009). However, 
they have been concentrated on fish from temperate regions. Only a few of such 
investigations were directed at tropical fish species (Gadagbui et al., 1996). 
The objective of the present study was to compare hepatic trace element 
bioaccumulation and antioxidative and oxidative stress biomarkers in seven fish species from 
a tropical coastal lagoon that receives effluents from iron-ore mining and processing 
activities. As previous studies have shown that iron-ore mining and processing constitute 
potential sources of trace elements to the lagoon (Pereira et al., 2008), we were interested to 
find out what possible associations there might be between Fe and other trace element (Cu, 
Zn, Mn, Al, Cr, Pb, Ni, Cd, As, and Hg) concentrations and lipid peroxidation (measured as 
MDA) and antioxidant responses (measured as SOD, CAT, and GST) in fish livers. Fish from 
nearby coastal lagoons were also included to assess possible differences related to trace 
element exposure. 
  
MATERIALS AND METHODS 
  
Chemicals 
The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA.):  
tris(hydroxymethyl)aminomethane (Tris), thiobarbituric acid, acetic acid, n-butanol, pyridine, 
catalase, hydrogen peroxide and type II horseradish peroxidase. Hydrochloric acid was 
purchased from Merck (Darmstad, Germany) and nitric acid 70.5% (Ultrex) was purchased 
from J.T.Baker, Chemical Co (Phillipsburg, NJ, USA). Sucrose and sodium dodecyl sulfate 
were from AppliChem (Darmstad, Germany) and Amplex UltraRed was from Molecular 
Probes (The Netherlands). Other routine chemicals and reagents (analytical grade) were 
purchased from local sources. 
 
Study area and sample collection 
Mãe-Bá Lagoon is a freshwater coastal lagoon that receives the final effluents from an 
iron-ore mining and pelletizing plant located in Espírito Santo State, southeast of Brazil. It 
has an area of 5.0 km
2
,
 
an average depth of 1.9 m and does not have a direct surface 
connection to the sea. Besides receiving industrial effluents, the lagoon also receives 
untreated sewage from the local population (around 3,500 people). Fish samples were 
collected in July of 2007, in three areas of the lagoon, according to the distance to the source 
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of effluents (an industrial dam called North Dam): ML-AB (region closer to the source of 
effluents), ML-CDE (located in the middle part of the lagoon) and ML-FG (region far from 
the source of effluents) (Figure 4.1). Additionally, three nearby coastal lagoons (Icaraí, 
Guanabara and Ubu Lagoons), which have similar water characteristics to Mãe-Bá Lagoon, 
but do not receive effluents from industrial process, neither from sewage, were included for 
comparison (sites IL, GL and UL, respectively) (Figure 4.1). Although these lagoons were 
initially selected to be reference lagoons, previous studies have shown that they may have 
been affected by anthropogenic sources of trace elements, probably from atmospheric 
deposition (Pereira et al., 2008). In order to sample the main components of the fish 
community in the lagoons, samples were collected using gill nets of various mesh sizes (20, 
25, 30, 40, and 50 mm). Fishes were killed by a blow to the head, wrapped in aluminum foil, 
transported on ice and preserved frozen (-20
o
C) for one week. All samples were stored under 
the same conditions in order to avoid differences related to the storage conditions. Because of 
the logistics it was not possible to do all the dissection work in the field directly after 
sampling. However, it has been reported that antioxidant enzymes and MDA concentrations 
are stable when maintained under these conditions (Jung et al., 1993). Fishes were defrosted, 
identified and measured. Individual weight was measured to the nearest 0.1 g and total length 
was measured to the nearest millimeter. At Mãe-Bá Lagoon, a total of 57 individuals, 
representing the Teleost infraclass, distributed among three orders and seven species were  
 
 
Figure 4.1. The location map of the studied area with the position of the sampling sites. 
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collected: Perciforme (Geophagus brasiliensis (N = 7), Tilapia rendalli (N = 10), Mugil liza 
(N = 7), and Cichla ocellaris (N = 9)), Siluriforme (Hoplosternum littorale (N = 4) and 
Rhamdia quelen (N = 11) and Characiforme (Hoplias malabaricus (N = 9)). At the nearby 
lagoons, 15 individuals were collected, representing three species: G. brasiliensis (N = 7), T. 
rendalli (N = 6), and H. malabaricus (N = 2). Information about ecologic characteristics of 
the fish species collected in the study area is described in Pereira et al., (2010). Livers were 
dissected on a clean bench shortly after thawing with the aid of a stainless steel knife. Livers 
were weighed, wrapped in aluminum foil, quickly frozen in liquid nitrogen and stored at –
80
o
C until further processing. Tissues remained frozen until analysis and all analysis were 
performed on samples within 18 months of collection. 
 
Fish growth indices 
Fish growth indices were calculated as condition factor (CF) and liver somatic index 
(LSI). The CF was calculated according to Bagenal and Tesch (1978), CF = [body weight 
(g)/(total length (cm))
 3
] x 100, and the LSI was calculated according to Slooff et al. (1983), 
LSI = [liver weight (g)/ body weight (g)] x 100.  
 
Sample preparation  
The liver of each fish was allowed to thaw on ice and was cut into two parts using a 
titanium knife and weighed. One piece of liver tissue was freeze-dried (Labconco, USA) at –
80
o
C until constant weight for trace element analysis. The other piece of liver was 
homogenized in 50 mM Tris-HCl buffer at pH 7.4 containing 0.25 M sucrose (3 ml buffer/g 
liver) using 10 strokes with a motor-driven Potter-Elvehjem glass and teflon homogenizer. 
One aliquot was obtained and used for MDA analysis. Total homogenates were then 
centrifuged at 9,500 g for 30 min at 4 °C (Heraeus Biofuge Stratos, Heraeus Instruments, 
Germany) and aliquots of the supernatants were collected separately for analysis of 
antioxidant enzymes.  
Although thawing twice was not ideal, no dramatic effect on the oxidative stress 
enzymes activities was expected. It has been reported that significant loss in the activities of 
CAT, SOD and GST occur after at least 3 freeze-thaw cycles (Murias et al., 2005). Moreover, 
since all livers of all fish were treated equally, there should be very little effect on the relative 
enzymatic activity in comparison among species. Therefore, for comparative purposes, the 
assay conditions were kept constant. 
 
 
 
76 
 
Protein determination 
Protein concentration was measured in total homogenates and in supernatants by the 
Bradford method with Coomassie Brilliant Blue G-250 using bovine serum albumin as a 
standard (Bradford, 1976). 
 
Trace element analyses  
Trace elements were analysed according to previously documented methods (Pereira 
et al., 2008; Pereira et al., 2010). In summary, freeze-dried samples were ground in a marble 
mortar and an aliquot of around 0.5 g dry weight (dw) was digested with 2 ml distilled 
deionized water and 5 ml HNO3 70.5% (Ultrex) in a microwave sample preparation system 
(MDS-2000, 1,920 W, CEM Corp., Mathews, NC, USA). Samples were then diluted to 20 ml 
with distilled deionized water for final analysis. Total concentrations of Fe, Mn, Zn, Al, Cu, 
Cd, Ni, Pb, Cr and As were measured with inductively coupled-plasma mass spectrometry 
(ICP-MS, Thermo Finnigan Element 2, Bremen, Germany) and Hg was measured with cold 
vapor atomic fluorescence spectroscopy (CV-AFS, PS Analytical Millenium Merlin, 
Orpington, Kent, United Kingdom). Analytical quality of the trace element determinations 
was monitored using certified reference material DOLT-2 (Dogfish Liver, National Research 
Council, Ottawa, Canada) and standard reference material 2977 (Mussel Tissue, NIST, 
Gaithersburg, MD, USA). Comparison of measured concentrations in the reference materials 
with the certified values showed good agreement within ±10% for most elements. The 
exceptions were Hg and As, for which the matching was within ±20%. During analysis, 
calibration and verification standards were regularly used in measurements series to evaluate 
the stability of calibration curves. Blank verification samples were frequently run to verify 
absence of carry-over effects. Standards and internal control samples were included in the 
final analysis in order to correct for drift of baseline and response-factor during the analysis. 
Analytical detection limits were based on three times the standard deviations of the reagent 
blank measurements. The detection limits were, in µg/g dw, 0.90 for Fe, 0.10 for Mn, 0.80 
for Al, 0.60 for Zn, 0.06 for Cu, 0.02 for Cr, 0.02 for Pb, 0.03 for Ni, 0.01 for Cd, 0.005 for 
As, and 0.004 for Hg. Metal concentrations on a wet weight basis were calculated by dividing 
the dry weight results by the calculated conversion factor of lost humidity (dw %). 
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Malondialdehyde and enzymatic assays for the various antioxidant activities  
Malondialdehyde (MDA), the end product of lipid peroxidation, was measured after 
incubation at 95
o
C with thiobarbituric acid (pH 3.5) for 60 min. The pink color produced by 
the reactions was extracted with a mixture of n-butanol-pyridine and measured 
spectrophotometrically (Smart Spec 3000, Bio-Rad, USA) at 532 nm (Ohkawa et al., 1979). 
The MDA concentration was calculated using a standard curve of known concentrations and 
was expressed as nmoles thiobarbituric acid reactive substance (TBARS)/g liver. 
Superoxide dismutase (SOD) activity was measured by the percentage inhibition of 
the reaction rate of the enzyme with WST-1 substrate (a water soluble tetrazolium dye) and 
xanthine oxidase using a commercial kit (SOD determination kit 19160, Fluka, St. Louis, 
Mo) according to the manufacturer’s instructions. Each endpoint assay was monitored 
spectrophotometrically (SpectraMAX 340PC, Molecular Devices Ltd, Berkshire, UK) by 
absorbance at 450 nm (the absorbance wavelength for the colored product of WST-1 reaction 
with superoxide) after 20 min of reaction time at 37°C. The SOD activity was expressed as 
units/mg protein. 
The peroxidative activity of catalase (CAT) in the liver homogenate was measured 
indirectly with an Amplex Red assay. In a microtiter plate H2O2 was incubated with a 
catalase standard curve or liver homogenate for 30 minutes. After the incubation, Amplex 
Red and type II horseradish peroxidase (HRPII) were added to react with the remaining 
H2O2. The resulting resorufin formed as a product of the reaction between Amplex Red and 
H2O2 was measured fluorometrically (Fluorometer SpectraMAX Gemini EM, Molecular 
Devices Ltd, Berkshire, UK) with an excitation wavelength of 530 nm and emission 
wavelength of 590 nm. The CAT activity was expressed as units/mg protein. 
Glutathione S-transferase (GST) activity was measured by the conjugation of 1-
chloro-2,4-dinitrobenzene (CDNB) with reduced glutathione using a commercial kit 
(Glutathione S-Transferase Assay Kit CS0410, Sigma-Aldrich, St. Louis, Mo). The reaction 
between glutathione and CDNB yields a colored conjugate which has an absorbance 
maximum at a wavelength of 340 nm. The increase in absorbance is directly proportional to 
the GST activity. The reaction progress was measured spectrophotometrically (SpectraMAX 
340PC, Molecular Devices Ltd, Berkshire, UK) by the increase in absorbance after 1 minute 
of incubation over 5 minutes. The activity of the enzyme was calculated based on the 
extinction coefficient for CNDB conjugate, which is 9.6 mM
-1 
x cm
-1
. The GST activity was 
expressed as nmoles/min/mg protein. 
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Statistical analyses 
Prior to statistical analysis, data were tested for normality using the Kolmogorov–
Smirnov test and for homogeneity of variance using Levene’s test. Logarithmic 
transformations to correct for non-homogeneous variance and non-normality were applied 
when necessary. One-way ANOVAs with Gabriel Post Hoc test (for variables with 
homogeneous variance) and Games-Howell Post Hoc test (for variables without 
homogeneous variance) and Independent Sample t-tests were used to compare the 
concentrations of trace elements, morphometric data, and biomarker response among species 
and regions. For those variables that did not show a normal distribution nor a homogeneous 
variance, not even after transformation, non-parametric Kruskal-Wallis and Mann-Whitney 
tests (with Bonferroni correction) were applied. The comparisons among regions within Mãe-
Bá Lagoon were performed when the number of observations per region was at least two. 
The relationship between all variables was analysed with non-parametric Spearman’s 
rank correlation analysis. One-half of the value of the limit of detection of each trace element 
and biomarker was substituted for those values below the limit of detection and applied in 
statistical analyses. Statistical data analysis was performed using the software package SPSS 
for windows (Statistical Package SPSS version 16.0, Chicago, IL, USA). A probability value 
less than 0.05 was considered to indicate statistical significance in this study. 
 
RESULTS  
 
Concentration of trace elements in fish liver  
The concentrations of trace elements in fish livers and the comparisons among species 
collected at Mãe-Bá Lagoon are listed in Table 4.1. Iron was the most abundant element in 
the livers, while Ni was the least abundant. Generally, the species M. liza showed the highest 
trace element levels while the species R. quelen showed the lowest levels. The species M. 
liza, H. malabaricus and H. littorale presented the highest levels of Fe (1,159 – 10,886 µg/g 
dw). The species M. liza and H. malabaricus also showed the highest levels of Cu (24 – 
1,050 µg/g dw) and Zn (146 – 463 µg/g dw). Moreover, M. liza recorded the highest levels of 
Cd (0.34 – 2.4 µg/g dw), As (0.65 – 14 µg/g dw) and Hg (0.39 – 1.4 µg/g dw) (Table 4.1). In 
contrast, the species R. quelen, T. rendalli and G. brasiliensis showed the lowest levels of Fe 
(245 – 2,079 µg/g dw) and Cu (3.9 – 309 µg/g dw). These species, together with H. littorale, 
also presented the lowest levels of Zn (24 - 119 µg/g dw). 
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General condition of fish  
Morphometric data which indicate the general condition factor of fish, such as total 
length, total weight and liver weight were measured for each fish species caught. Total 
length, total weight and liver weight were larger in M. liza and H. malabaricus as compared 
to most species (Table 4.2). Condition factor  (CF) values were lower in M. liza, R. quelen, H. 
malabaricus and C. ocellaris as compared to G. brasiliensis, H. littorale and T. rendalli   (p < 
0.05, Table 4.2) and negatively correlated with Fe, Cu, Zn and Hg (p<0.05, Table 4.3). Liver 
somatic index (LSI) values negatively correlated with Al, As, and Cd (p < 0.05), while 
significant positive correlations were found between total length and elements such as Fe, Cu, 
Zn, Hg and Cd (p < 0.05, Table 4.3). 
 
Malondialdehyde (MDA) and antioxidant enzymatic activities 
Levels of MDA were positively correlated with Fe and As and negatively correlated 
with Mn (Table 4.3), when considering the data of all fish species together. The species M. 
liza (840 nmol/g), G. brasiliensis (575 nmol/g), and H. littorale (398 nmol/g) showed the 
highest mean values of MDA, while R. quelen (152 nmol/g) and T. rendalli (188 nmol/g) 
showed the lowest mean values (Figure 4.2-A).  
The highest levels of SOD were observed in G. brasiliensis (25.5 U/mg prot), T. 
rendalli (25.5 U/mg prot), and M. liza (20.1 U/mg prot), while the lowest levels were found 
in H. littorale (7.8 U/mg prot) and R. quelen (9.9 U/mg prot) (Figure 4.2-B). Significant 
positive correlations were observed between SOD and Cr, Ni, As, and Cd (p < 0.05, Table 
4.3) when data of all species was taken together. 
There were no significant differences on CAT levels among the species investigated 
(p > 0.05, Figure 4.2-C). 
Correlations were significantly negative between GST and Fe and Zn, but were 
significantly positive between GST and most elements (p < 0.05, Table 4.3). The species T. 
rendalli showed the highest GST levels (1,192 nmol/min/mg prot), while the species H. 
littorale (119 nmol/min/mg prot), H. malabaricus (126 nmol/min/mg prot), and R. quelen 
(188 nmol/min/mg prot) presented the lowest hepatic GST levels (Figure 4.2-D). 
A clear pollution gradient was not observed within the studied lagoon. In general, 
within species, no significant differences were observed in the variables analyzed among 
regions from Mãe-Bá Lagoon. Only Hg and Pb levels in T. rendalli collected in ML-AB were 
higher than those found for this species collected in ML-FG (ANOVA, p < 0.05, data not 
shown).
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Table 4.1. Summary of ranges (minimum to maximum) of trace element concentrations (µg/g dw) in fish livers collected at Mãe-Bá Lagoon.  
Species Fe Mn Zn Al Cu Cr Pb Ni Cd As Hg 
Geophagus 
brasiliensis 
(N = 7) 
289 – 
2,079 
(925)
ab
 
1.5 – 209 
(35)
abc
 
24 – 104 
(73)
ab
 
1.1 - 331 
(79)
ab
 
5.5 – 22 
(14)
a
 
0.03 – 0.74 
(0.17)
abc
 
< 0.02 – 
0.17 
(0.05)
ab
 
< 0.03 – 
0.26 
(0.07)
ab
 
0.02 – 0.21 
(0.09)
a
 
0.12 – 0.52 
(0.27)
a
 
0.04 – 0.45 
(0.16)
a
 
Tilapia rendalli 
(N = 10) 
257 – 
1,034 
(531)
b
 
1.3 – 26 
(12)
ac
 
48 – 104 
(79)
b
 
1.5 – 416 
(92)
bc
 
7.2 – 309 
(60)
ab
 
0.06 – 0.51 
(0.19)
c
 
0.06 – 1.24 
(0.30)
bc
 
< 0.03 – 
0.33 
(0.14)
b
 
0.07 – 0.41 
(0.24)
b
 
0.12 – 0.31 
(0.21)
a
 
0.11 – 0.43 
(0.21)
ab
 
Hoplosternum 
littorale 
(N = 4) 
2,888 – 
6,698 
(4,463)
c
 
2.6 – 3.8 
(3.2)
bd
 
93 – 102 
(97)
b
 
1.2 – 6.9 
(2.8)
a
 
38 – 197 
(91)
bc
 
< 0.02 – 
0.11 
(0.06)
abc
 
< 0.02 – 
0.12 
(0.06)
abc
 
< 0.03 – 
0.78 
(0.22)
ab
 
0.04 – 0.07 
(0.05)
a
 
0.02 – 0.20 
(0.11)
ab
 
0.05 – 0.19 
(0.12)
a
 
Mugil liza 
(N = 7) 
2,257 – 
4,831 
(3,106)
c
 
3.0 – 12 
(6.3)
abc
 
146 – 321 
(192)
cd
 
24 – 66 
(42)
b
 
68 – 1,050 
(255)
c
 
0.04 – 0.10 
(0.07)
a
 
0.12 – 0.54 
(0.29)
c
 
< 0.03 – 
0.06 
(0.03)
a
 
0.34 – 2.4 
(1.4)
c
 
0.65 – 14 
(4.9)
c
 
0.39 – 1.4 
(0.87)
c
 
Rhamdia quelen 
(N = 11) 
245 – 668 
(468)
b
 
4.4 – 11 
(7.1)
a
 
71 – 119 
(99)
b
 
< 0.80 – 10 
(2.6)
a
 
3.9 – 37 
(19)
ab
 
< 0.02 – 
0.38 
(0.08)
abc
 
< 0.02 – 
0.17 
(0.07)
b
 
< 0.03 – 
0.21 
(0.03)
a
 
0.02 – 0.21 
(0.07)
a
 
0.02 – 0.14 
(0.05)
b
 
0.07 – 1.3 
(0.33)
ab
 
Hoplias 
malabaricus 
(N = 9) 
1,159 – 
10,886 
(3,810)
cd
 
1.8 – 5.7 
(4.0)
cd
 
170 – 463 
(285)
c
 
< 0.80 – 
3.9 
(1.8)
a
 
24 – 595 
(187)
c
 
< 0.02 – 
0.03 
(0.02)
b
 
0.04 – 0.32 
(0.16)
bc
 
< 0.03
a
 
0.06 – 0.28 
(0.12)
ab
 
0.02 – 0.09 
(0.05)
b
 
0.06 – 0.42 
(0.18)
a
 
Cichla ocellaris 
(N = 9) 
1,105 – 
2,276 
(1,629)
ad
 
2.4 – 5.1 
(3.6)
cd
 
101 – 153 
(127)
ad
 
1.7 – 9.5 
(5.4)
ac
 
20 – 182 
(72)
bc
 
< 0.02 – 
0.39 
(0.14)
ac
 
< 0.02 – 
0.07 
(0.02)
a
 
< 0.03 – 
0.19 
(0.04)
ab
 
0.03 – 0.10 
(0.06)
a
 
0.03 – 0.12 
(0.08)
b
 
0.25 – 1.1 
(0.57)
bc
 
Mean values are given in parentheses.  
N: number of samples.  
Distinct letters indicate significant differences between species (one-way ANOVA, p < 0.05).
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Table 4.2. Morphometric data (minimum to maximum) of fish species collected at Mãe-Bá 
Lagoon.  
Species TL (cm) TW (g) LW (g) CF LSI 
Geophagus 
brasiliensis 
(N = 7) 
18 – 24 
(20.7)
a 
111 – 294 
(181)
ab 
1.2 – 2.2 
(1.5)
a 
1.6 – 2.3 
(2.0)
a 
0.62 – 1.1 
(0.86)
a 
Tilapia rendalli 
(N = 10) 
17 – 36 
(22.5)
ab 
97 – 1,307 
(334)
bcd 
1.1 – 6.2 
(2.4)
ab 
2.0 – 2.8 
(2.3)
a 
0.47 – 1.7 
(0.93)
ab 
Hoplosternum 
littorale 
(N = 4) 
18 – 20 
(18.9)
a 
126 – 172 
(139)
b 
1.0 – 1.4 
(1.2)
a 
1.9 – 2.3 
(2.1)
a 
0.80 – 0.88 
(0.83)
ab 
Mugil liza 
(N = 7) 
32 – 50 
(38.4)
c 
317 – 1,245 
(566)
c 
2.7 – 5.7 
(4.0)
b 
0.80 – 1.1 
(0.94)
b 
0.43 – 1.3 
(0.80)
ab 
Rhamdia quelen 
(N = 11) 
25 – 34 
(27.8)
bd 
162 – 490 
(236)
ad 
1.7 – 9.5 
(3.5)
ab 
0.83 – 1.3 
(1.1)
bc 
0.98 – 2.3 
(1.4)
c 
Hoplias 
malabaricus 
(N = 9) 
26 – 35 
(30.4)
cd 
206 – 605 
(345)
cd 
1.8 – 8.0 
(4.2)
b 
0.99 – 1.5 
(1.2)
cd 
0.54 – 1.7 
(1.2)
abc 
Cichla ocellaris 
(N = 9) 
23 – 27 
(24.8)
b 
152 – 256 
(202)
ab 
1.6 – 3.1 
(2.3)
b 
1.0 – 1.5 
(1.3)
d 
0.73 – 1.6 
(1.2)
abc 
Mean values are given in parentheses.  
TL = total length; TW = total weight; LW = Liver weight; CF = condition factor; LSI = liver somatic index.  
N:  number of samples.  
Distinct letters indicate significant differences between species (one-way ANOVA, p < 0.05). 
 
Comparing the same species, levels of Fe, As, and Hg were always higher in fish 
livers collected at the nearby lagoons than those from Mãe-Bá Lagoon (p < 0.05, Table 4.4). 
Moreover, concentrations of Cd in G. brasiliensis, Zn, Cu, and Ni in T. rendalli and Ni in H. 
malabaricus from the nearby lagoons were also higher than their counterparts from Mãe-Bá 
Lagoon (p < 0.05). However, higher MDA levels were found only in H. malabaricus (p < 
0.05), species which individuals were bigger and heavier than those collected from Mãe-Bá 
Lagoon (Table 4.4). Levels of GST were higher in G. brasiliensis and LSI values were lower 
in G. brasiliensis and T. rendalli from nearby lagoons comparing with Mãe-Bá Lagoon (p < 
0.05).
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Table 4.3. Spearman’s rank correlation coefficients (r) and levels of significance (p) among, 
morphometric data, biomarker response, and trace elements in fish livers (7 species, N = 57) 
from Mãe-Bá Lagoon.  
  TL TW LW CF LSI MDA  SOD  CAT  GST  
Fe  r 
p 
0.34 
0.011 
  -0.33 
0.012 
 0.49 
0.000 
  -0.35 
0.008 
Cu  r 
p 
0.37 
0.005 
0.33 
0.012 
 -0.31 
0.020 
     
Mn  r 
p 
     -0.35 
0.008 
  0.42 
0.001 
Zn  r 
p 
0.55 
0.000 
0.37 
0.005 
0.39 
0.003 
-0.63 
0.000 
    -0.33 
0.012 
Al  r 
p 
    -0.28 
0.034 
   0.59 
0.000 
Cr  r 
p 
-0.41 
0.001 
-0.35 
0.008 
-0.41 
0.001 
0.33 
0.012 
  0.27 
0.045 
 0.60 
0.000 
Ni r 
p 
-0.45 
0.001 
-0.35 
0.008 
-0.41 
0.002 
0.44 
0.001 
  0.36 
0.006 
 0.58 
0.000 
Pb  r 
p 
        0.29 
0.026 
As r 
p 
    -0.46 
0.000 
0.37 
0.005 
0.42 
0.001 
 0.53 
0.000 
Hg r 
p 
0.31 
0.021 
  -0.45 
0.000 
   -0.32 
0.016 
 
Cd  r 
p 
0.32 
0.015 
0.37 
0.004 
  -0.39 
0.003 
 0.35 
0.007 
 0.45 
0.000 
Only significant correlation coefficients are represented. 
TL = total length (cm); TW = total weight (g); LW = liver weight (g); CF = condition factor; LSI = liver somatic 
index; MDA = malondialdehyde (nmol/g liver); SOD = superoxide dismutase (U/mg prot); CAT = catalase 
(U/mg prot); GST = glutathione S-transferase (nmol/min/mg prot); Trace elements are expressed as µg/g dw. 
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Figure 4.2. Mean concentrations of (A) malondialdehyde (MDA, nmol TBARS/g liver), (B) 
superoxide dismutase (SOD, U/mg prot), (C) catalase (CAT U/mg prot), and (D) glutathione 
S-transferase (GST, nmol/min/mg prot) in livers of 7 fish species collected at Mãe-Bá 
Lagoon. Error bars represent SEs about the means. Means with the same letters are not 
significantly different (one-way ANOVA, p > 0.05).  
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Table 4.4. Summary of ranges (minimum to maximum) of trace element concentrations (µg/g dw) in fish livers, of morphometric data of fish 
species, and of biochemical biomarkers in fish livers collected at the nearby lagoons (Icaraí, Guanabara and Ubu Lagoons).  
Species Fe Mn Zn Al Cu Cr Pb Ni Cd As 
Geophagus 
brasiliensis 
(N = 7) 
1,811 – 
6,098 
(4,195) 
0.70 – 13 
(4.7) 
35 – 120 
(90) 
< 0.80 – 
7.2 
(1.7) 
4.1 – 21 
(15) 
0.04 – 0.25 
(0.13) 
< 0.02 – 0.06 
(0.03) 
< 0.03 – 
0.30 
(0.15) 
0.11 – 2.3 
(0.66) 
0.33 – 0.71 
(0.45) 
Tilapia rendalli 
(N = 6) 
616 – 
3,351 
(1,941) 
6.9 – 62 
(23) 
90 – 118 
(106) 
11 – 
1,429 
(436) 
63 – 326 
(132) 
0.13 – 0.76 
(0.39) 
0.02 – 0.45 
(0.17) 
0.11 – 0.41 
(0.27) 
0.07 – 
0.33 
(0.18) 
0.32 – 1.1 
(0.67) 
Hoplias 
malabaricus 
(N = 2) 
8,149 – 
9,140 
(8,645) 
2.8 – 3.4 
(3.1) 
317 – 535 
(426) 
3.6 – 12 
(8.0) 
16.8 – 21 
(19.0) 
< 0.02 – 
0.06 
(0.04) 
0.15 – 0.20 
(0.18) 
< 0.03 – 
0.17 
(0.09) 
0.15 – 
0.21 
(0.18) 
0.11 – 0.27 
(0.19) 
Species Hg TL (cm) TW (g) LW (g) CF LSI 
MDA 
(nmol 
TBARS/g 
liver) 
SOD 
(U/mg 
prot) 
CAT 
(U/mg 
prot) 
GST 
(nmol/min/mg 
prot) 
Geophagus 
brasiliensis 
(N = 7) 
0.14 – 2.5 
(1.0) 
20 – 26 
(23.0) 
167 – 314 
(228) 
0.8 – 1.7 
(1.3) 
1.8 – 2.1 
(1.9) 
0.45 – 0.81 
(0.57) 
255 – 7,016 
(1,480) 
21.9 – 43.6 
(31.7) 
317 – 972 
(578) 
297 – 547 (385) 
Tilapia rendalli 
(N = 6) 
0.27 – 
0.59 
(0.43) 
20 – 26 
(22.7) 
150 – 344 
(253) 
0.7 – 1.5 
(1.2) 
1.9 – 2.4 
(2.1) 
0.33 – 0.81 
(0.51) 
102 – 277 
(201) 
18.3 – 51.5 
(30.9) 
270 – 983 
(547) 
284 – 1,425 
(747) 
Hoplias 
malabaricus 
(N = 2) 
1.4 – 3.0 
(2.2) 
38 – 41 
(39.5) 
744 – 846 
(795) 
2.4 – 11.7 
(7.1) 
1.2 – 1.4 
(1.3) 
0.32 – 1.4 
(0.85) 
359 – 562 
(461) 
14.7 – 21.6 
(18.2) 
315 – 506 
(410) 
94 – 140 (117) 
Mean values are given in parentheses.  N: number of samples.  
TL = total length ; TW = total weight ; LW = liver weight ; CF = condition factor; LSI = liver somatic index; MDA = malondialdehyde ; SOD = superoxide dismutase ;   
CAT = catalase ; GST = glutathione S-transferase. 
The values listed in bold indicate significant differences between regions (within species, nearby lagoons versus Mãe-Bá Lagoon [data show in Table 4.1], p < 0.05).  
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DISCUSSION 
 
In the present study, trace elements and antioxidative and oxidative stress biomarkers 
measurements in livers of seven resident fish species of a coastal lagoon influenced by iron-
ore mining and processing effluents are recorded. Statistical comparisons of mean 
concentrations of trace elements revealed large variations between and within species and 
locations, suggesting species-specific accumulation characteristics. This may be related to 
e.g. the differences in ecological needs, feeding preferences, and the metabolic activities 
among different fish species (Luoma and Rainbow, 2005). Mean values of Fe (3,053 µg/g 
dw), Cu (155 µg/g dw), and Zn (187 µg/g dw) found in M. liza, H. malabaricus, H. littorale, 
and C. ocellaris from Mãe-Bá Lagoon are comparable or higher to those of other species 
from freshwater systems considered to be polluted by trace metals (Coetzee et al., 2002; 
Costa and Hartz, 2009; Uysal, 2011). Accumulation of bioactive and essential metals like Fe, 
Cu, and Zn is actively controlled by the fish through different metabolic processes, playing an 
important role in the physiology and pathology of fish. Metals like Cu and Zn function as a 
cofactor in several enzymes systems, while Fe is directly involved with haemoglobin 
formation in fish blood. Accumulation of bioactive metals is usually independent of ambient 
concentrations. However, when present in excessively high levels and when regulation 
mechanisms are failing, these bioactive metals may pose serious threats to normal metabolic 
processes (Bury et al., 2003). 
In addition to high levels of Fe, Cu, and Zn, concentrations of Cd, As, and Hg in 
livers of M. liza are also higher than those of other species from Mãe-Bá Lagoon. Chen 
(2002) and Canli and Atli (2003), who also found high trace elements in mugilids, suggested 
that this may be related to their feeding behavior. Because mugilids are bottom feeders, they 
keep close contact with metal-rich sediments. Previous studies revealed increased 
concentrations of trace elements such as Fe, As, and Hg in the sediments of the lagoon 
(Pereira et al., 2008). Levels of Cd (1.4 µg/g dw) and Hg (0.87 µg/g dw) in M. liza are similar 
to those found in perch (1.7 µg/g dw Cd and 0.66 µg/g dw Hg) and higher than those found in 
roach (0.18 µg/g Cd and 0.15 µg/g Hg) from lakes downstream of an iron-ore mining and 
pelletizing plant located in Russia (Tkatcheva et al., 2002). Moreover, As levels in M. liza 
(1.3 µg/g ww or 4.9 µg/g dw) are comparable to those found in fish livers from Corsica 
(France) (1.2 µg/g ww; 2.0 µg/g dw), an area of the Presa River polluted by an abandoned As 
mine (Foata et al., 2009; Culioli et al., 2009). High trace element levels in livers of M. liza 
correlate with low CF values observed for this species. 
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In acute exposure experiments, under controlled conditions, it is well known that 
single organic or metallic contaminants can stimulate ROS production, decrease antioxidant 
enzyme activities and may result in oxidative damage in aquatic organisms (Peixoto et al., 
2006; Sampaio et al., 2008). However, in field conditions, where the contaminants seldomly 
occur as single chemicals but rather as mixtures of trace elements and other contaminants, the 
antioxidant enzyme activities could be induced, indicating an adaptive response to an altered 
environment, or could be inhibited, indicating cell damage and toxicity (Falfushynska and 
Stolyar, 2009). The significantly direct relationships between SOD and Cr, Ni, As, and Cd 
and between GST and Mn, Al, Cr, Ni, Pb, As, and Cd suggest liver SOD and GST adaptive 
response for protection against oxidative stress. However, the direct relationships between 
MDA and Fe and As and the inverse relationships between GST and Fe and Zn indicate that 
some level of oxidative stress is expected in fish from Mãe-Bá Lagoon.  
The antioxidant enzymes, which operate within the antioxidant defence system and 
which are intrinsically linked to one another, are hypothized to increase under pollution 
exposure in order to detoxify ROS. Therefore, correlative changes are expected to be seen in 
the SOD and CAT activity (Wilhelm Filho et al., 1993). In our study, when all species from 
Mãe-Bá Lagoon were considered as a group, a weak but significant relationship was seen 
between the antioxidants, SOD and CAT (r = 0.28; p < 0.05) and also between SOD and GST 
(r = 0.57; p < 0.001). 
The increased levels of SOD and GST activities observed in M. liza are apparently 
related to high hepatic trace element concentrations. However, the relatively higher values of 
MDA in M. liza suggest that the level of the antioxidant enzyme activities may not be 
sufficient to prevent oxidative damage in their livers. Comparison of the results of M. liza 
with those reported for M. cephalus (grey mullet) caught in Ennore estuary (India), polluted 
with metals (Padmini et al., 2009) supports the assumption that this species is under oxidative 
stress at Mãe-Bá lagoon. Levels of Fe in M. liza are 30-fold higher than levels found for M. 
cephalus in the Indian study and levels of MDA are 2-fold higher.  
In our study, hepatic Fe (839 µg/g ww), Cu (40.6 µg/g ww), and Zn (64 µg/g ww) 
levels recorded in H. malabaricus are higher than those found for the same species caught in 
São Francisco River (Brazil), contaminated by organic pollutants, pesticides, and toxic metals 
(273 µg/g ww Fe, 14.1 µg/g ww Cu, and 38.8 µg/g ww Zn) (Espinoza-Quinones et al., 2010). 
Similarly, hepatic Fe (103 µg/g ww) and Zn (21.7 µg/g ww) concentrations found in R. 
quelen are also higher than levels reported for this species in the Brazilian study (42 µg/g ww 
Fe and 18.3 µg/g ww Zn). Despite the fact that the species R. quelen showed comparatively 
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lower values of Fe and Zn than most species from Mãe-Bá Lagoon, its CF values are low and 
in the same range to those of M. liza and H. malabaricus. As observed for M. liza, trace 
element levels found in H. malabaricus may be responsible for its low CF values. Although 
H. malabaricus presented similar levels of Fe, Cu, and Zn as M. liza, its MDA levels are 
much lower. Even if we exclude the maximum value (2,574 nmol/g), MDA levels at M. liza 
(277 – 753 nmol/g) are still higher than levels found in H. malabaricus (138 – 561 nmol/g, p 
< 0.05). Many studies have demonstrated that lipid peroxidation and oxidative stress increase 
in tissues of different species of aquatic organisms when they are exposed to environmental 
contaminants (Winston and Di Giulio, 1991). However, it is not a general rule that exposure 
to pollutants always leads to an increase of MDA levels. In the literature, some authors have 
reported low MDA levels in fish sampled at a site contaminated by metals and organic 
compounds (Rodríguez-Ariza et al., 1993). They also observed increased hepatic antioxidant 
enzyme activities, suggesting adaptation of fish to live in the polluted areas. 
Despite the species G. brasiliensis has shown comparatively lower values of Fe (925 
µg/g dw), Cu (14 µg/g dw), and Zn (73 µg/g dw) than most species from Mãe-Bá Lagoon, 
their levels are higher comparing with the same species collected in other polluted areas 
(Silvano and Raya-Rodriguez, 2003; Espinoza-Quinones et al., 2010). Hepatic metal contents 
in G. brasiliensis are apparently linked to the presence of lipid peroxidation in the livers, 
since this species presented the second highest mean MDA value (lower only than M. liza) 
(Fig. 4.2-A). Moreover, MDA levels are 2-fold higher than levels found in G. brasiliensis 
caught in Benedito River, a polluted site located Southern Brazil (Wilhelm Filho et al., 2001). 
Despite its high MDA levels, G. brasiliensis presented higher mean SOD activity than most 
of the other species from Mãe-Bá Lagoon (Fig. 4.2-B). Some studies have shown induction 
of SOD under pollution exposure, in some cases protecting fish against oxidative damage 
(Rodríguez-Ariza et al., 1993) but in other cases, not being able to protect (Bainy et al., 
1996). In the present study, due to the high MDA levels, the liver SOD response in G. 
brasiliensis seems not to be enough to protect cells against possible damage by oxygen 
radicals. 
Comparing the seven species studied, T. rendalli is apparently more likely adapted to 
trace element exposure and oxidative stress in Mãe-Bá Lagoon. The results generally show 
comparatively low trace element and MDA levels and high CF in T. rendalli. Trace element 
concentrations in this species are generally lower than levels found in tilapias from other 
polluted areas (Silvano and Raya-Rodriguez, 2003; Espinoza-Quinones et al., 2010). The 
higher SOD and GST activities suggest the activation of protective mechanisms necessary to 
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scavenge the ROS produced in the livers. Tilapia has been reported as a species with high 
GST activity, being more likely to excrete xenobiotics as gluthathione conjugates or 
mercapturic acids (Gadagbui et al., 1996; Gonzalez et al., 2009). In fact, tilapia has been 
suggested as an indicator species for biomonitoring in tropical waters because its levels of 
biotransformation enzymes reflect the environment (Gadagbui et al., 1996; Shailaja and 
D'Silva, 2003). 
According to Solé et al. (2009), trophic levels of marine fish are correlated with 
antioxidant enzymes such as CAT and GST. Considering the fish species analysed in the 
present study, Pereira et al. (2010) showed that the carnivorous species R. quelen, H. 
malabaricus and C. ocellaris are in the top trophic position while the omnivorous species G. 
brasiliensis, T. rendalli and M. liza are located in lower trophic positions. According to Solé 
et al. (2009), species at the top of the food web generally present higher antioxidant enzymes, 
which would make them better adapted to environmental pollutants. This situation was not 
observed in the present study. The carnivorous species showed lower GST activity than the 
omnivorous species T. rendalli and M. liza. Moreover, SOD activity in the carnivorous 
species R. quelen was lower than the omnivorous species and CAT did not differ among 
species.  
Our study supports, as expected, the existence of greater interspecies differences than 
intra-species ones. Among the seven species, the siluriformes showed a more homogeneous 
biomarker response, whereas in perciformes it was more heterogeneous. The considerable 
variation of responses of the seven fish species to exposure of iron-ore mining and processing 
effluents demonstrate that different species, even from the same family, show differences in 
toxicokinetics and sensitivity to trace element concentration and may use different strategies 
to handle oxidative stress. The variation stems in part from different physiological situations, 
including metabolic activities. Moreover, various biotic factors such as age, sex, feeding 
behaviour, and environmental factors including food availability, water temperature and 
dissolved oxygen level can enhance or decrease the antioxidant defenses (van der Oost et al., 
2003).  
The general condition indices provide a first approach to determine the health status 
of a fish population (van der Oost et al., 2003). The overall high levels of Fe, Cu, and Zn 
detected in most species from Mãe-Bá Lagoon reflected in negative associations with the 
condition factor (CF). The CF may serve as an initial screening biomarker to indicate the 
nutritional status of fish (van der Oost et al., 2003). Nevertheless, the CF values of fish 
exposed to iron-ore effluents in our study were not significantly different from those 
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registered in the nearby lagoons. The liver somatic index (LSI) reflects the status of liver and 
it is associated with contaminant exposure (Slooff et al., 1983). The negative relationships 
between LSI and Al, As, and Cd may be related to the depletion of hepatic energy reserves in 
response to exposure to pollutants (Almeida et al., 2005). Moreover, the observed 
significantly lower values of LSI in G. brasiliensis and T. rendalli in the nearby lagoons 
suggest higher exposure to trace elements as compared to Mãe-Bá Lagoon. The Fe, Cu, Zn, 
Hg, and Cd in liver increased with age (given by length), showing that time of exposure 
affects these trace element bioaccumulation in fish from Mãe-Bá Lagoon. In fact, prolonged 
exposure may result in impairment of the normal detoxification response for essential 
elements (e.g. Cu and Zn), leading to liver bioaccumulation (Fernandes et al., 2007). 
Trace element accumulation in livers of the species collected from other lagoons in 
the vicinity reflect the occurrence of anthropogenic inputs and the higher exposure due to 
higher element bioavailability compared to Mãe-Bá Lagoon, as known from previous studies 
(Pereira et al., 2008;Pereira et al., 2010;Pereira et al., 2012). However, higher MDA levels 
were observed only in H. malabaricus, but no differences were observed in the antioxidant 
enzymes for this species. Only GST levels were increased in G. brasiliensis from the nearby 
lagoons, suggesting that GST activity could be induced in this species to resist the pollutants` 
toxicity. This result is consistent with investigations of other species which found increased 
GST activities in polluted sites (Huang et al., 2007). 
 
  CONCLUSIONS 
 
In conclusion, this study reveals that different freshwater fish species display different 
levels of lipid peroxidation (as MDA) and of antioxidant enzyme activities when living in 
waters receiving effluents from iron-ore mining and processing activities. These differences 
may be related to hepatic trace element accumulation and may reflect oxidative stress 
responses in some species, such as M. liza and G. brasiliensis. Since Fe is the most abundant 
element in the fish livers, this metal may be involved in enhancing the process of lipid 
peroxidation. T. rendalli seems more adapted to oxidative stress in Mãe-Bá Lagoon based on 
its higher antioxidant enzyme activities (SOD and GST) and lower MDA levels.  
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ABSTRACT 
 
The present study was undertaken to investigate the possible effects of Fe and trace 
element exposure on hepatic levels of retinoids in seven fish species. Concentrations of 
retinoids were measured in fish collected from a coastal lagoon in Brazil that receives 
effluents from an iron-ore mining and processing plant. Fish from nearby coastal lagoons 
were also included to assess possible differences related to chemical exposure. Results 
indicated considerable differences in hepatic retinoid composition among the various species 
investigated. The most striking differences were in retinol and derivatives-specific profiles 
and in didehydro retinol and derivatives-specific profiles. The Perciformes species 
Geophagus brasiliensis, Tilapia rendalli, Mugil liza, and Cichla ocellaris and the 
Characiforme Hoplias malabaricus were characterized as retinol and derivatives-specific, 
while the Siluriformes species Hoplosternum littorale and Rhamdia quelen were didehydro 
retinol and derivatives-specific fish species. A negative association was observed between Al, 
Pb, As, and Cd and hepatic didehydro retinoid levels. Fish with higher levels of hepatic Fe, 
Cu, and Zn showed unexpectedly significant positive correlations with increased hepatic 
retinol levels. This finding, associated with the positive relationships between retinol and 
retinyl palmitate with lipid peroxidation, may suggest that vitamin A is mobilized from other 
tissues to increase hepatic antioxidant levels for protection against oxidative damage. These 
data show significant but dissimilar associations between trace element exposure and hepatic 
retinoid levels in fish species exposed to iron-ore mining and processing effluents, without 
apparent major impacts on fish health and condition.  
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INTRODUCTION  
 
Retinoids (also known as vitamin A) are a group of structurally similar lipophilic 
molecules essential for a variety of physiological and anti-oxidative functions (Shiota et al., 
2006). In fish, vitamin A plays a role in maintaining normal growth rate, pigmentation, and 
vision (Millikin, 1982). Fish obtain vitamin A directly from the diet or by conversion of some 
provitamin A carotenoids. The bioconversion of carotenoids by teleosts is complex because 
of the two forms of retinol compounds present in freshwater fish (retinol and didehydro 
retinol) (Goswami and Barua, 1981; Guillou et al., 1989). Retinoids are stored primarily in 
the liver as esters of long-chain fatty acids such as retinyl palmitate. 
Anthropogenic activities, such as mining, are known to have a considerable influence 
on the local environment and ecology. In this investigation, we were interested in the possible 
toxicological effects of iron-ore mining on fish species from a tropical coastal lagoon in 
Brazil. Toxicological effects caused by effluents from iron-ore mines have been reported due 
to the potential role of Fe and other trace elements in the formation of free radicals leading to 
lipid peroxidation (Hamoutene et al., 2000). It has been proposed that vitamin A and 
provitamin A carotenoids may be depleted in organisms exposed to contaminants due to its 
role as an antioxidant (Krinsky, 1989; Young and Lowe, 2001). 
Iron overload may result in depletion of hepatic retinoids due to enhanced formation 
of free radicals and induction of oxidative stress leading to tissue damage peroxidation 
(Hamoutene et al., 2000; Gurzau et al., 2003). Several studies on hepatic Fe overload have 
been performed in fish, based on Fe enrichment of the diet (Desjardins et al., 1987; Baker et 
al., 1997; Carriquiriborde et al., 2004), parenteral administration of Fe in the form of various 
complexes, such as Fe dextran (Rodrigues and Pereira, 2004), or excessive Fe intake from an 
environmental source (Thiyagarajah et al., 1998). In this context, Payne et al. (1998) found 
lake trout residing in waters receiving iron-ore mine tailings exhibited oxidative damage and 
near loss of hepatic retinoids. However, the symptoms and physiological consequences of 
long-term Fe overload are poorly understood in fish (Lappivaara et al, 1999). 
In addition to possible depletion effects of Fe overload on retinoids, physiological and 
molecular interactions also occur between retinoids and Fe storage in the liver. Iron 
homeostasis is tightly regulated not only to provide sufficient quantities for its well-known 
functions in growth and survival, but also to prevent possible oxidative stress and toxic 
effects from Fe overload. Several studies indicate a suppressive effect of retinoids on iron-
induced oxidative stress, which may involve a direct interaction of retinoids on the hepcidin-
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based molecular control mechanisms of Fe homeostasis (Tsuchiya et al., 2009). However, Fe 
status influences hepatic retinoid storage and mobilization processes (Staab et al., 1984; Jang 
et al., 2000). 
The purpose of the present study was to compare hepatic retinoid levels in seven fish 
species from a tropical coastal lagoon that receives effluents from iron-ore mining and 
processing activities. Because previous studies have shown that some elements, such as Fe 
and Cu, reached high levels in livers of fish collected in this lagoon (Pereira et al., 2010), we 
were interested to find out what possible associations there might be between Fe (and Cu, Zn, 
Mn, Al, Cr, Pb, Ni, Cd, As, and Hg) and the antioxidant vitamin A in fish livers. 
 
MATERIALS AND METHODS 
 
Chemicals 
The following chemicals were purchased from Sigma-Aldrich: retinyl acetate, retinol, 
retinyl palmitate, tris(hydroxymethyl)aminomethane (Tris), 2,6-di-ter-butyl-4-methylphenol 
(BHT), methanol (high-performance liquid chromatography [HPLC] grade), nanopure water 
(HPLC). Diisopropyl ether, hydrochloric acid and ethyl acetate (Lichrosolv) were purchased 
from Merck and sucrose was purchased from AppliChem. 
 
Study area and sample collection 
Mãe-Bá Lagoon (ML) is a freshwater coastal lagoon that receives the final effluents 
from an iron-ore mining and pelletizing plant located in Espírito Santo State, southeast 
Brazil. It has an area of 5.0 km
2
,
 
an average depth of 1.9 m, and does not have a direct surface 
connection to the sea. Besides receiving industrial effluents, the lagoon also receives 
untreated sewage from the local population (≈ 3,500 people). Fish samples were collected in 
July, 2007, in three areas of the lagoon, according to the distance to the source of effluents 
(an industrial dam called North Dam): ML-AB (region closer to the source of effluents), ML-
CDE (located in the middle part of the lagoon) and ML-FG (region far from the source of 
effluents) (Figure 5.1). Additionally, three nearby coastal lagoons (Icaraí [IL], Guanabara 
[GL], and Ubu [UL] Lagoons), which do not receive effluents from any industrial processes, 
nor from sewage, were included for comparison (sites IL, GL, and UL) (Figure 5.1). 
Although these lagoons were initially selected to be reference lagoons, previous studies have 
shown that they may have been affected by anthropogenic sources of trace elements, 
probably from atmospheric deposition (Pereira et al., 2008). In order to sample the main 
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components of the fish community in the lagoons, samples were collected using gill nets of 
various mesh sizes (20, 25, 30, 40, and 50 mm).  Fish were killed by a blow to the head, 
wrapped in aluminum foil, transported on ice to the lab, and preserved frozen (-20
o
C) for one 
week. They were then defrosted, identified, and measured. Individual weight was measured 
to the nearest 0.1 g and total length was measured to the nearest millimeter. At ML, a total of 
57 individuals, representing the Teleost infraclass, distributed among three orders and seven 
species were collected: Perciforme (Geophagus brasiliensis (n = 7), Tilapia rendalli (n = 10), 
Mugil liza (n = 7), and Cichla ocellaris (n = 9)), Siluriforme (Hoplosternum littorale (n = 4), 
and Rhamdia quelen (n = 11), and Characiforme (Hoplias malabaricus (n = 9)). At the 
nearby lagoons, 15 individuals were collected, representing three species: G. brasiliensis (n = 
7), T. rendalli (n = 6), and H. malabaricus (n = 2). Shortly after thawing, livers were 
dissected on a clean bench with a stainless steel knife previously cleaned with acetone and 
distilled water. Livers were weighed, wrapped in aluminum foil, quickly frozen in liquid 
nitrogen, and stored at –80oC until further processing. Fish handling was done under dim 
light.  
 
 
 
 
 
 Figure 5.1. The location map of the studied area with the position of the sampling sites. 
  
 
 
99 
 
Sample preparation  
The liver of each fish was allowed to thaw on ice and was cut into two parts using a 
titanium knife and weighted. One piece of liver tissue was homogenized in 50 mM Tris-HCl 
buffer (pH 7.4) containing 0.25 M sucrose (3 ml buffer/g liver) using 10 strokes with a 
motor-driven Potter-Elvehjem glass and Teflon homogenizer. One aliquot was obtained and 
stored at -20
o
C until hepatic retinoid analysis. The other piece of liver and total homogenates 
left were used for analyses of trace elements and oxidative stress biomarkers (described by 
A.A. Pereira, Vrije Universiteit, Institute for Environmental Studies, Amsterdam, The 
Netherlands, personal communication). Malondialdehyde (MDA) was measured as an 
indicator of lipid peroxidation. The antioxidant enzymes superoxide dismutase (SOD) and 
catalase (CAT) and the biotransformation enzyme glutathione S-transferase (GST) were 
selected as a measure of the antioxidant status. In brief, MDA was measured after incubation 
at 95
o
C with thiobarbituric acid (pH 3.5) for 60 min. The pink color produced was measured 
spectrophotometrically at 532 nm. The activity of SOD was measured by the percentage 
reaction inhibition rate of the enzyme with WST-1 substrate (a water-soluble tetrazolium dye) 
and xanthine oxidase using a commercial kit (SOD determination kit 19160, Fluka). The 
peroxidative activity of CAT was measured indirectly with an Amplex Red assay. The 
product of the reaction between Amplex Red and H2O2 was measured fluorometrically with 
an excitation wavelength of 530 nm and emission wavelength of 590 nm. The activity GST 
was measured by the conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) with reduced 
glutathione using a commercial kit (Glutathione S-Transferase Assay Kit CS0410, Sigma-
Aldrich). 
 
Extraction of retinoids  
Hepatic retinoids were analysed using a modified method of Brouwer et al., (1989), 
described in Besselink et al., (1998). Hepatic homogenates (50 µl) were vortexed with 50 µl 
methanol, containing retinyl acetate as internal standard and 0.1% BHT (w/v) as an 
antioxidant. Liver retinoids were extracted overnight at –20oC with 100 µl diisopropyl ether. 
After centrifugation, the ether phase was removed and filtered over a 0.45 µm filter 
(Millipore). The extracts were evaporated to dryness under a stream of nitrogen and the 
residues were finally redissolved in 100µl of a mixture of methanol and ethyl acetate (3:1; 
0.1% BHT).  
All handlings and procedures were performed under yellow incandescent light to 
prevent photodegradation of retinoids. 
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Analyses of retinoids 
Aliquots of resuspended extracts were analysed on a HPLC system using a C18 
analytical column (Pecosphere, 33 mm length and 4.6 mm internal diameter, 3 µm particle 
size, Perkin Elmer). A Shimadzu HPLC system was used consisting of a 2xSPD-10Avp 
binary gradient pump, a SIL-10ADvp autosampler, a cooling system (custom made by the 
lab), a SPD-10Avp ultraviolet detector and a CTO-10ACvp column oven with temperature 
set at 15 °C. The injection volume was 10 µl. Extracts were analysed with a flow rate of 1 
ml/min by running at 15% water and 85% methanol for 1.5 min, followed by a gradient to 
100% methanol for 2.5 min and 13 min at 100% methanol. Finally, the column was re-
equilibrated at 15% water and 85% methanol for 3 min. Method performance, calculated 
using a subset of 73 samples, indicated a mean recovery of retinyl acetate of 76.3% (7.9% 
coefficient of variation). 
Peaks were identified by comparing patterns of absorption spectra between 300 and 
400 nm with authentic standards for all trans retinyl acetate, all trans retinol, and retinyl 
palmitate, and also with retinoids spectral characteristics and retention times found in Furr et 
al., (1994). Retinol and retinyl palmitate were quantified in the extracts based on calibration 
curves using standards at 326 nm. The quantitation of didehydro retinol was based on the 
retinol standard curve multiplied by the correction factor 1.26, which corresponds to the ratio 
of extinction coefficients for all trans retinol (E
1%
1cm = 1832) and 3,4-didehydro retinol 
(E
1%
1cm = 1450) (Doyon et al., 1998). The quantitation of didehydro retinyl esters (palmitate) 
was calculated from the standard curve of retinyl palmitate multiplied by the same correction 
factor. Retinyl esters were separated into several ester peaks and quantified using a linear 
regression based on the retinyl palmitate standard curve (i.e., retinyl palmitate equivalents). 
Total retinyl esters were calculated by adding the values of didehydro retinyl palmitate and 
retinyl palmitate with the other retinyl esters (minor peaks). 
The limit of detection was 0.2 µg/g for retinol and didehydro retinol, 0.3 µg/g for 
retinyl palmitate and for the esters, and 0.4 µg/g for didehydro retinyl palmitate. 
 
Statistical analyses 
Before statistical analysis, data were tested for normality using the Kolmogorov–
Smirnov test and for homogeneity of variance using Levene’s test. Logarithmic 
transformations to correct for non-homogeneous variance and non-normality were applied 
when necessary. One-way analysis of variance with Gabriel Post Hoc test were used to 
compare the concentrations of retinoids among species. When Levene’s test indicated 
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significant differences in the variances of the species, the Games–Howell test was used for 
post hoc analysis. Independent sample t tests were used to compare the concentrations of 
retinoids between locations. The relationship between retinoids and other variables (trace 
elements, morphometric data, and biomarkers) was analysed with non-parametric Spearman’s 
rank correlation analysis. Statistical data analysis was performed using the software package 
SPSS for windows (Statistical Package, Ver 16.0). A probability value less than 0.05 was 
considered to indicate statistical significance in the present study. 
 
RESULTS 
 
Typical HPLC chromatograms of the fish liver extracts from Mãe-Bá Lagoon showed 
several peaks with an absorbance at 326 nm (Figures 5.2-A,B). Some of these peaks were 
identified as retinoid derivatives on the basis of co-elution with retinoid standards and by 
their absorbance peaks in the 300 to 400 nm range. Retinol and retinyl palmitate could be 
identified at 4.3 and 15.0 min retention time. The internal standard, retinyl acetate, eluted at 
6.7 min.  
One peak just before retinol, at 3.3 min elution time, was observed in liver extracts of 
most species as well. This peak matched the spectral and elution characteristics of didehydro 
retinol and is indicated as such in this study. In addition, a major peak was observed at an 
elution time of 13.5 min., just before the retinyl palmitate peak (at 15.0 min.). This peak 
matched the spectral and elution characteristics of didehydro retinyl palmitate and is 
indicated as such in the present article. Moreover, some minor peaks were observed between 
10 and 20 min elution time, which could represent other retinoid esters, with shorter or longer 
fatty acid tails, or other unsaturated fatty acids.  
The retinoid profiles in the various fish livers differed considerably, but in general 
could be categorized into two dominant profiles, a retinol and derivatives-specific profile for 
the Perciformes (G. brasiliensis, T. rendalli, M.liza and C. ocellaris) and Characiforme (H. 
malabaricus) (Figure 5.2-A), and a didehydro retinol and derivatives-specific profile for the 
Siluriformes (H. littorale and R. quelen) (Figure 5.2-B). This is also reflected in the 
considerable differences in mean concentrations of hepatic retinoids among the fish species 
as presented in Figures 5.3 (retinol and derivatives-specific retinoids) and 5.4 (didehydro 
retinol and derivatives-specific retinoids).  
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Figure 5.2. Example of typical high-performance liquid chromatography chromatograms for 
liver retinoid in (A) Geophagus brasiliensis, Tilapia rendalli, Mugil liza, Cichla ocellaris, 
and Hoplias malabaricus and in (B) Hoplosternum littorale and Rhamdia quelen showing 
absorbance at 325 nm versus elution time. Selected retinoid compounds identified include the 
didehydro retinol (3.3 min), retinol (4.3 min), internal standard retinyl acetate (6.7 min), 
didehydro retinyl palmitate (13.5 min), and retinyl palmitate (15.0 min). 
 
The species T. rendalli showed significantly lower concentrations of retinol than most 
species (Figure 5.3-A). Concentrations of retinol in the livers of G. brasiliensis and C. 
ocellaris were higher than levels found in T. rendalli and R. quelen (p < 0.05). Moreover, 
retinyl palmitate was significantly higher in G. brasiliensis comparing with T. rendalli and R. 
quelen (p < 0.05) and also higher in C. ocellaris comparing with T. rendalli (p < 0.05, Figure 
5.3-B).  
 
 
(A) 
(B) 
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Levels of didehydro retinol (Figure 5.4-A) and didehydro retinyl palmitate (Figure 
5.4-B) were significantly higher in the livers of H. littorale and R. quelen than in most of the 
other species, while the species H. malabaricus, T. rendalli and M. liza generally presented 
the lowest levels of these compounds (Figure 5.4-A,B). 
The stored (palmitate and other esters) versus mobilizable fraction of retinoids as 
represented in the hepatic retinoid ratios were compared among species (Table 5.1). There 
were considerable differences among species from predominantly mobilizable fraction (70 
and higher for e.g., H. littorale, M liza, and C. ocellaris) to predominantly storage fraction 
(40 and lower, for e.g. R. quelen, G. brasiliensis, and H. malabaricus), but these differences 
did not reach the level of significance, due to rather high intraspecies variations. The 
proportion of retinyl palmitate to total esters (RP:TEs) was greatest in H. malabaricus 
(58.5%) and T. rendalli (48.0%), while the lowest proportion was recorded in R. quelen 
(8.0%) (Table 5.1). Rhamdia quelen and H. littorale had relatively higher ratios of didehydro 
retinyl palmitate to total esters (ddRP:TEs) (65.2% and 41.7%, respectively), while G. 
brasiliensis, H. malabaricus amd M. liza had the lowest ratios (Table 5.1). 
The relationships between retinoids and morphometric data, trace elements, and oxidative 
stress biomarkers in the seven species collected at ML were analysed with Spearman’s rank 
correlation analysis. Due to the large number of variables, only significant correlations are 
reported (Table 5.2). Retinol and didehydro retinol concentrations (µg/g) were inversely 
related to liver weight. Didehydro retinol levels were also inversely related to fish weight and 
condition factor. The concentrations of retinol and retinyl palmitate were positively correlated 
with Fe in the livers (r = 0.48, p < 0.001 and r = 0.36, p < 0.01 respectively). Moreover, 
retinol levels were also directly related to hepatic concentrations of Cu (r = 0.37, p < 0.01) 
and Zn (r = 0.33, p < 0.05). For the other trace elements (Al, Pb, As, and Cd) some 
significant inverse relationships with retinoids were found (Table 5.2). Retinol and retinyl 
palmitate were positively correlated with lipid peroxidation (expressed as MDA) and with 
CAT, while an inverse relationship was found between didehydro retinol and didehydro 
retinyl palmitate and SOD and GST (Table 5.2). 
Mean retinoid levels in the fish livers collected from nearby lagoons (indicated as NL 
in the figures) are generally higher than those caught at ML, but comparisons were mostly not 
significant (p > 0.05, Figure 5.5). Only retinol and didehydro retinol concentrations in livers 
of T. rendalli from ML were significantly lower than retinol and didehydro retinol levels 
found for this species in the nearby lagoons (p < 0.05, Figure 5.5). 
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Figure 5.3. Mean concentrations (µg/g liver) of hepatic retinol (A) and retinyl palmitate (B) 
of seven species collected at Mãe-Bá Lagoon. Error bars represent standard error of the 
means. Means sharing the same lowercase letters are not significantly different from one 
another (p > 0.05). Refer to the legend of Figure 5.2 for complete name of species. 
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Figure 5.4. Mean concentrations (µg/g liver) of hepatic didehydro retinol (A) and didehydro 
retinyl palmitate (B) of seven species collected at Mãe-Bá Lagoon. Error bars represent 
standard error of the means. Means sharing the same lowercase letters are not significantly 
different from one another (p > 0.05). 
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Table 5.1. Stored and mobilizable fractions of retinoids.  
Species N HR HR-dd RP:TEs ddRP:TEs 
Geophagus brasiliensis 7 39.0 (35.1)A 30.7 (25.6)A 36.9 (8.4)A 6.9 (1.3)A 
Tilapia rendalli 8
a
 58.5 (60.4)A 64.8 (64.1)A 48.0 (14.5)AB 21.2 (9.0)BC 
Hoplosternum littorale 4 77.8 (53.7)A 109 (75)A 17.5 (5.3)C 41.7 (10.4)CD 
Mugil liza 7 104 (90)A 94.1 (77.7)A 30.0 (10.9)AC 4.9 (2.1)A 
Rhamdia quelen 11 40.5 (60.0)A 54.7 (73.2)A 8.0 (2.8)D 65.2 (10.5)D 
Hoplias malabaricus 9 27.2 (20.4)A 23.3 (17.1)A 58.5 (6.7)B 5.4 (1.7)A 
Cichla ocellaris 9 113 (82)A 131 (97)A 35.0 (7.0)A 20.9 (9.1)B 
Comparison of relative concentrations (means, SD in parentheses) of retinoids in livers of seven fish species 
collected at Mãe-Bá Lagoon, Brazil. For each column, means with the same uppercase letters are not 
significantly different (p > 0.05). HR: hepatic ratio (retinol/retinyl palmitate) . 100; HR-dd: (didehydro 
retinol/didehydro retinyl palmitate) . 100; RP: retinyl palmitate; TEs: totaled retinyl esters; ddRP:didehydro 
retinyl palmitate. 
a 
Two samples were excluded because of some results were below detection limits. 
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Table 5.2. Spearman’s rank correlation coefficients (r) and levels of significance (p) among 
retinoids and other variables in fish livers (seven species, n = 57) from Mãe-Bá Lagoon 
(Brazil). 
  Retinol (µg/g) Retinyl Palmitate 
(µg/g) 
Didehydro retinol 
(µg/g) 
Didehydro retinyl 
palmitate (µg/g) 
Fish total weight (g) r 
p 
  -0.364 
0.005 
 
Liver weight (g) r 
p 
-0.269 
0.043 
 -0.292 
0.028 
 
Condition factor r 
p 
  -0.272 
0.041 
 
Fe (µg/g dw) r 
p 
0.481 
0.000 
0.363 
0.005 
  
Cu (µg/g dw) r 
p 
0.374 
0.004 
   
Zn (µg/g dw) r 
p 
0.326 
0.013 
   
Al (µg/g dw) r 
p 
  -0.266 
0.046 
-0.376 
0.004 
Pb (µg/g dw) r 
p 
-0.271 
0.042 
-0.321 
0.015 
-0.372 
0.004 
-0.446 
0.001 
As (µg/g dw) r 
p 
  -0.339 
0.010 
-0.469 
0.000 
Cd (µg/g dw) r 
p 
  -0.467 
0.000 
-0.516 
0.000 
MDA (nmoles/g) r 
p 
0.381 
0.003 
0.341 
0.010 
  
SOD (U/mg prot) r 
p 
  -0.443 
0.001 
-0.360 
0.006 
CAT (U/mg prot) r 
p 
0.263 
0.048 
0.287 
0.030 
  
GST (nmol/min/mg 
prot) 
r 
p 
  -0.305 
0.021 
-0.317 
0.016 
MDA = malondialdehyde; SOD = superoxide dismutase; CAT = catalase; GST = glutathione S-transferase. 
Only significant correlation coefficients are represented. 
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Figure 5.5.: Mean concentrations (µg/g liver) of hepatic retinol, retinyl palmitate, didehydro 
retinol, and didehydro retinyl palmitate of three species collected at Mãe-Bá Lagoon (ML) 
and at the Nearby Lagoons (NL). Error bars represent standard error of the means. Asterisks 
indicate significant differences between locations (p < 0.05). 
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DISCUSSION 
 
In the present study we report the hepatic retinoid status in seven tropical fish species 
from lagoons in Brazil and the possible influence thereon from effluents of iron-ore mining. 
To our knowledge, this is the first study reporting on hepatic retinoids in these tropical fish 
species. The observed retinoid levels varied considerably among the species investigated and 
could be categorized into two main patterns: a retinol and derivatives-specific pattern and a 
didehydro retinol and derivatives-specific pattern. The Perciformes G. brasiliensis, T. 
rendalli, M. liza and C. ocellaris and the Characiforme H. malabaricus were characterized as 
retinol and derivatives-predominants, while the Siluriformes H. littorale and R. quelen were 
characterized as didehydro retinol and derivatives-predominants. In most text books for 
vitamins, didehydro retinol, or vitamin A2 are indicated as derived from freshwater fish, 
while retinol and esters are mostly derived from marine fish species. According to Goswami 
and Barua (1981), the distribution of retinol (R) and didehydro retinol (ddR) in livers of 
freshwater fish from India reveals that carnivourous fish show a higher proportion of ddR to 
R than omnivorous fish. In the present study, the carnivorous species R. quelen indeed 
presented the highest proportion of ddR to R, but the omnivorous species H. littorale showed 
the second highest proportion. Moreover, the carnivorous species H. malabaricus, together 
with the omnivorous species G. brasiliensis and M. liza, presented the lowest proportion of 
ddR to R comparing to the other species.  
Overall the results presented in the present study fail to demonstrate a clear negative 
effect on hepatic retinoid levels in different tropical fish species exposed to iron-ore mining 
effluents. The Spearman rank correlations between Fe levels and hepatic retinol did not result 
in negative associations; rather, we observed significant positive correlations, or there was no 
effect (for didehydro retinol). Moreover, the observed significantly increased levels of 
hepatic retinol and didehydro retinol in a fish species (T. rendalli) in the nearby lagoons 
probably reflected the higher exposure due to higher element bioavailability compared to 
ML, as known from previous studies (Pereira et al., 2008).   
Contrary to our observations, various studies have described an inverse relationship 
between storage of vitamin A and Fe in the liver. Oxidative stress induced by prooxidant 
metals such as Fe and Cu may contribute to retinoid depletion in rats (Arruda et al., 2009) 
and fish (Payne et al., 1998; Alsop et al., 2007). In a previous study we observed a positive 
association between hepatic Fe and indicators of lipid peroxidation in the species M. liza and 
G. brasiliensis, suggesting that some level of oxidative damage was present in these fish 
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species (A.A. Pereira, personal communication). In an experiment with rats, Staab et al. 
(1984) found high hepatic Fe for the low vitamin A intake group. They suggested that 
vitamin A deficiency might impair Fe transport because vitamin A is required for transferrin 
synthesis. According to Mehdad et al. (2010), vitamin A deficiency impairs the Fe 
distribution among the tissues because vitamin A modulates the Fe regulatory protein RNA-
binding activity, resulting in divergent regulation of ferritin and transferrin receptor.  
However, similar to our observations, a direct relationship between vitamin A and Fe 
has been reported in case of Fe overload. In a study with rats treated with Fe-enriched diets, 
Domitrovic et al. (2008) observed an increase in hepatic Fe and retinol levels with a 
simultaneous decrease in serum retinol levels. They suggested that an influx of retinol from 
serum to the liver occurs in the presence of high dietary iron. Similarly, Wieringa et al. 
(2003) reported that Fe supplementation in infants could also cause a redistribution of retinol 
from plasma to the liver. In the present study, the direct relationship between hepatic Fe and 
vitamin A suggests that vitamin A is likely mobilized from other metabolic pools to protect 
the liver against oxidative damage. This finding is supported by the significant positive 
relationships between retinol and retinyl palmitate with lipid peroxidation (measured as 
malondialdehyde, Table 5.2). In an experiment with rainbow trout exposed to Cu, Kamunde 
et al., (2008) also observed enhancement of the antioxidant status (in their case, vitamin E) 
with a prooxidant metal (Cu) in plasma. 
The significant inverse relationships observed between, in particular, the didehydro 
retinoid derivatives and Al, Pb, As, and Cd suggest that these hepatic trace elements may 
negatively influence hepatic retinoid storage in fish livers. Very little information is available 
in literature on these trace elements effects on hepatic retinoids. Sugawara and Sugawara 
(1979) observed a reduction in plasma levels of retinol, but no changes in hepatic retinoid 
levels upon exposure of rats to Cd. Although there is no obvious relationship of these trace 
elements with the iron-ore mining activities in the ML, it is worthwhile to investigate this 
possible relationship further. In addition, though a significant relationship was observed 
between didehydo retinol and condition factor, no strong evidence was found that fish growth 
indices are affected by hepatic trace elements and retinoid levels in the species studied. 
Differences in dietary intake of vitamin A can also influence hepatic vitamin A 
concentrations. The levels of vitamin A in fish livers from Mãe-Bá Lagoon could also be 
explained by the great availability of carotenoids in the fish diet. Phytoplankton, the 
decapoda crustacean Macrobrachium sp. and gastropods Pomacea haustrum and Melanoides 
tuberculata are very abundant in the lagoon. Phytoplanktons are the primary source of 
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carotenoids in the food chain. Carotenoids are responsible for the color of many important 
fish and shellfish products. Shrimp, for example, have orange integument and/or flesh 
containing carotenoid pigments (Shahidi et al., 1998). Moreover, carotenoids have been 
extracted from the eggs, yolk gland, and liver of the gastropod Pomacea (Villela, 1956). 
However, despite the species G. brasiliensis and T. rendalli being omnivorous and belonging 
to the same family (cichlids), they show significant differences in retinol and retinyl palmitate 
concentrations in their livers (Figure 5.3-A,B). This fact, associated with the same dietary 
availability in the lagoon, leads us to conclude that the differences in retinoid levels between 
these species are probably not due to differences in diet. Moreover, considering that ML and 
the nearby lagoons have similar natural macroenvironments, fish from both sites probably 
have similar feeding habits. Therefore, it is possible that the increase observed in retinol and 
didehydro retinol in T. rendalli from nearby lagoons is not due to differences in diet but due 
to higher Fe exposure or differences in bioavailability (Pereira et al., 2008). 
Despite these interesting and important findings, the present study does have some 
limitations. Although a number of possible factors affecting retinoid levels in fish were 
investigated in this study, no evidence exists for a cause/effect linkage between exposure to 
iron-ore mining and processing effluents and effects on hepatic retinoid metabolism. The 
intrinsic limitations of field research do not permit excluding all potential confounding 
factors in the data set. It should be noted that some possibly important biological and 
environmental factors (e.g. sex, age class, reproductional status, season, temperature) were 
not included in the present study design due to practical constraints. Because the samples 
were randomly drawn from the lagoons, the total sample size per species was not large 
enough to perform pairwise correlations within species, although significant differences 
among species in retinoid levels have been observed. Moreover, the lack of a reference site 
without anthropogenic alterations for comparisons enhances the complexity of the outcome 
of this research. Further studies with a different sampling design or with caged fish placed 
along a gradient pollution would be required to investigate more subtle relationships between 
retinoid status and exposure to effluents from iron-ore mining and processing.  
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CONCLUSIONS 
 
To our knowledge, this is the first study describing retinoid composition and levels in 
various tropical fish species. For species such as H. littorale and R. quelen, didehydro retinol, 
instead of retinol, plays a dominant role in retinoid homeostasis, while retinol and esters are 
the predominant derivatives of retinoids in G. brasiliensis, T. rendalli, M. liza, C. ocellaris 
and H. malabaricus. Contrary to our expectations, a positive relationship was demonstrated 
between hepatic retinol and retinyl palmitate and Fe (and between retinol and Cu and Zn). 
This finding, associated with the positive relationships between retinol and retinyl palmitate 
with lipid peroxidation may suggest that vitamin A is mobilized from other tissues to increase 
hepatic antioxidant status for protection against metal-induced oxidative damage.  
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CHAPTER SIX 
 
General discussion 
 
This thesis has examined the influence of iron-ore mining and processing operations 
on environmental trace element levels, and potential impacts in abiotic (water and sediment) 
and biotic (invertebrate and fish) compartments of coastal lagoons. It is based on a series of 
field studies, focused on a specific iron-ore mining and pelletizing plant located in Brazil as a 
case study and a coastal lagoon (Mãe-Bá Lagoon) that has been receiving its final effluents 
for more than 30 years. The main motivation to perform the studies described in this thesis 
was an attempt to answer questions raised by local communities and the State Environmental 
Agency with respect to the extent of trace element pollution in the lagoon. Their major 
concern is to what extent trace elements, especially heavy metals, have been introduced in the 
lagoon ecosystem by the mining and processing operations and, because of the lack of water 
exchange with the sea, have accumulated and contaminated local biota. Our approach was 
based on an integrative methodology to identify and quantify environmental exposure and 
biological effects from chemical pollution at sites directly influenced by the mining, the 
coastal lagoon studied, and nearby coastal lagoons, which were initially selected to function 
as reference lagoons. The integrative methodology included classical geochemical methods, 
standard biological methods, and biochemical approaches.  
The main objectives of this thesis were threefold.  
The first objective was to identify the main sources of trace elements within the 
mining area and processing facilities and to investigate the effects on trace element 
bioavailability caused by changes in water chemistry in the coastal lagoon that receives the 
final effluents from the iron-ore mining and pelletizing activities (Mãe-Bá Lagoon).The 
second objective was to investigate trace element bioaccumulation and trophic transfer 
among invertebrates and fish in Mãe-Bá Lagoon, as well as the potential risks to human 
health due to consumption of fish.  
The third objective was to determine relationships between hepatic trace elements and 
biomarkers of oxidative stress in seven fish species collected in the study area to investigate 
possible effects due to trace element exposure.  
Overall the results presented in this thesis succeeded in demonstrating a relationship 
between the iron-ore mining and processing activities and environmental trace elements 
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levels and bioavailability. Trace elements such as Fe, Cu, As, and Hg are clearly related to 
the mining operations. However, the chemicals added into the iron-ore processing, such as 
NaOH, CaO, and CO2, contribute to raise the content of ligands in water, thus reducing trace 
element bioavailability at Mãe-Bá Lagoon (Chapter two). From the list of trace elements 
potentially released by the mining activities, Fe is the most relevant because of the high levels 
recorded in fish livers of most species from Mãe-Bá Lagoon as compared to the literature 
(Chapters three and four). Moreover, the association between hepatic Fe and indicators of 
lipid peroxidation (Chapter four) suggest that some level of oxidative stress is present in fish 
from Mãe-Bá Lagoon. Unexpectedly, the nearby lagoons, which were initially assumed to be 
undisturbed, appeared to have a significant exposure to bioavailable trace elements, resulting 
in higher trace element bioaccumulation and lipid peroxidation in fish in comparison to Mãe-
Bá Lagoon (Chapters two, three, and four). 
The summary of the main findings described in various chapters of this thesis is presented in 
Table 6.1 and allows straightforward comparisons among different compartments (water, 
sediments, invertebrates, and fish livers) and locations (mining and processing sites, Mãe-Bá 
Lagoon, and nearby lagoons). The compounds and biomarkers selected were chosen because 
of the relevance of the results (high concentrations according to the literature or significant 
statistical differences among locations). The trace elements Fe, Cu, As, and Hg were also 
selected because of the link with the iron-ore mining and processing operations. The other 
parameters were included as an indication of trace element exposure in the coastal lagoons.  
The geochemical studies revealed a higher Hg concentration in water at the mining 
and processing sites compared to Mãe-Bá Lagoon (p < 0.05, Table 6.1). Similarly, Fe, Cu, 
As, and Hg levels are higher in sediments from the mining and processing sites than in Mãe-
Bá Lagoon (p < 0.05). The biological methods showed that, in general, the average trace 
element levels in the invertebrate Pomacea haustrum caught in the processing sites (in this 
case, North Dam) are higher than in its counterpart from Mãe-Bá Lagoon, although the 
differences are not significant (Table 6.1). The comparisons in Table 6.1 indicate that the 
iron-ore mining and processing activities indeed act as potential sources of Fe, Cu, As, and 
Hg to the Mãe-Bá Lagoon. 
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Table 6.1. Summary of main results (means).  
Mining (MS) and processing (PS) sites: Santarém Dam, Santarém Creek, and North Dam  
Mãe-Bá Lagoon (ML) 
Nearby Lagoons (NL): Guanabara Lagoon, Icaraí Lagoon, and Ubu Lagoon  
 
N: number of samples; LSI: liver somatic index; MDA: malondialdehyde; GST: glutathione S-transferase 
 
 a
 From Chapter two  
b
 From Chapters two and three 
c
 From Chapters four and five 
 
Concentrations (means) of relevant trace elements and biomarkers reported in this thesis for two locations (MS and NL) and comparisons with Mãe-Bá Lagoon (ML). For 
each column, means in bold and underlined are significantly higher than values for ML (p > 0.05, within compartments and species). For each column, means only in bold are 
significantly lower than values for ML (p > 0.05, within compartments and species). 
 
 
 
Compartment Location N Species Fe  
(µg/g) 
Cu 
(µg/g) 
Zn 
(µg/g) 
As 
(µg/g) 
Hg 
(µg/g)  
LSI MDA 
(nmol/g) 
GST  
(U/mg 
prot) 
Retinol 
(µg/g) 
Didehydro
retinol 
(µg/g) 
Geochemical 
Methods
a
 
Water (µg/L) MS, PS 3  - 70 0.67 4.8 1.6 0.05  -   -   -  -  - 
ML 7  - 270 1.2 10.6 0.74 < 0.03  -   -   -  -  - 
NL 2  - 290 1.3 7.3 0.84 < 0.03  -   -   -  -  - 
Sediments  MS, PS 3 -  280,000 24 47 12 0.47  -   -   -  -  - 
ML 7  - 33,560 7.3 38 5.4 0.20  -   -   -  -  - 
NL 2  - 31,000 7.0 49 5.2 0.25  -   -   -  -  - 
Biological 
and 
Biochemical 
Methods 
Invertebrates
b
 PS 2 P. haustrum 1,680 156 278 8.2 0.31  -   -   -  -  - 
ML 4 P. haustrum  2,071 45 85 5.9 0.27      
 7 M. tuberculata 3,922 32 118 2.7 0.51      
NL 2 P. haustrum 12,765 132 162 5.8 0.81  -   -   -  -  - 
  2 M. tuberculata 7,978 54 130 3.3 0.47      
Fish livers
c 
 
MS, PS  -  -  -  -  -  -  -  -   -   -  -  - 
ML 7 G. brasiliensis  925 14 73 0.27 0.16 0.86 575 257 69 10.5 
10 T. rendalli 531 60 79 0.21 0.21 0.93 188 1,192 5.6 3.4 
9 H. malabaricus 3,810 187 285 0.05 0.18 1.2 229 126 33 1.7 
NL 7 G. brasiliensis  4,195 15 90 0.45 1.0 0.57 1,480 385 95 11.3 
6 T. rendalli 1,941 132 106 0.67 0.43 0.51 201 747 23.6 16.2 
2 H. malabaricus 8,645 19 426 0.19 2.2 0.85 461 117 54 1.3 
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Concentrations of Fe, As, and Hg in sediments and Fe and Hg in invertebrates from 
Mãe-Bá Lagoon are considered relatively high compared to the literature (Chapter two). The 
lack of fish samples at the mining sites does not allow straightforward comparisons with trace 
element levels in fish livers from Mãe-Bá Lagoon (Table 6.1). However, comparisons with 
literature data reveal that, despite the indication of low trace element bioavailability, exposure 
to Fe, Cu, and Zn is observed in fish from Mãe-Bá Lagoon (Chapters three and four). Among 
these three metals, Fe is the most important due to the high hepatic levels recorded in almost 
every species (averages from 468 to 4,463 µg/g dw) (Chapter four). Although our 
investigations did not reveal problems with respect to human consumption of fish (muscle 
flesh) from Mãe-Bá Lagoon (Chapter three), potential concern could exist in the case of 
consumption of fish livers. Fish livers usually are not part of the diet of the local community. 
Moreover, a person would have to consume at least 1.5 kg liver/week to exceed the 
maximum safety limit for Fe intake (FAO/WHO, 2007).  
Fish exposure to Fe may occur through ingestion of sediments and contaminated 
biota. Since the fish species from Mãe-Bá Lagoon feed on benthic organisms, there probably 
is a concomitant intake of sediments. Excessive dietary Fe intake may be a possible cause of 
the high Fe loads in fish livers from Mãe-Bá Lagoon. Iron concentrations in the gastropods P. 
haustrum and Melanoides tuberculata (~3,000 µg/g dw) and in sediments (~30,000 µg/g dw) 
(Table 6.1), are much higher than the Fe requirements reported for different fish species in 
the literature: 150 µg/g for red sea bream (Sakamoto and Yone, 1978), juvenile Jian carp 
(Ling et al., 2010) and juvenile tilapia (Shiau and Su, 2003); 100 µg/g for Atlantic salmon 
(Andersen et al., 1996); 202 µg/g for juvenile gibel carp (Pan et al., 2009); and 30 µg/g for 
fingerling channel catfish (Gatlin and Wilson, 1986). Watanabe et al. (1997) estimated the Fe 
requirements for different fish species as ranging from 30 to 70 µg/g dry mass of food. 
Dietary Fe toxicity signs such as suppressed growth, increased hepatic lipid peroxidation 
(mesuread as MDA) and decreased levels of anti-oxidant (vitamin E) were observed in 
laboratory studies with African catfish ingesting 6,000 µg/g of dietary Fe concentrations 
(Baker et al., 1997). Moreover, kidney lesion was developed in rainbow trout fed more than 
1,380 mg Fe/kg (Desjardins et al., 1987). Careful comparisons between reported fish Fe 
requirements and Fe levels in invertebrates and sediments from Mãe-Bá Lagoon should be 
performed because of differences in bioavailabilities in fish resulting from different chemical 
forms of Fe (Shiau and Su, 2003). However, the hepatic Fe concentrations found in this study 
(468 to 4,463 µg/g dw), which are mostly higher than basal levels of 500 µg/g dw reported by 
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Rodrigues and Pereira (2004), indicated that investigations concerning possible toxicological 
effects of Fe would be necessary in the study area.  
The biochemical approach focused mainly on the role of Fe promoting lipid 
peroxidation (Chapter four) and affecting retinoid levels in fish livers (Chapter five). Because 
of the significant differences among species in lipid peroxidation levels (measured as 
malondialdehyde), in antioxidant enzyme activities (except catalase) (Chapter four), and in 
hepatic retinoid composition (Chapter five), the response patterns seem to be species-specific. 
There is limited knowledge about differences in sensitivity of different fish species in the 
field to environmental pollutants. Species-specific sensitivity may be caused by various 
reasons, including differences in the amount of chemical that enters the organism, the 
characteristics of the compound, and how it is metabolized and excreted (Teather and Parrot, 
2006). It also depends on e.g. habitat, choice of food items, nutritional status, and the 
physiology of that particular species (Ellesat et al., 2011). The comparisons among species 
from Mãe-Bá Lagoon and with the literature reveal that species with higher hepatic levels of 
Fe, Cu, and Zn show significant changes in fish growth (as given by decreased condition 
factor values in e.g., Mugil liza and H. malabaricus) and increased levels of hepatic lipid 
peroxidation (as observed in e.g., M. liza and Geophagus brasiliensis). Despite the fact that 
these findings suggest that some level of lipid peroxidation is present in fish from Mãe-Bá 
Lagoon, the real impact of these biochemical changes on the health condition of fish could 
not be determined in this study. The lack of comparisons with “true” reference sites, i.e., 
without anthropogenic influences, does not allow us to assess if the biochemical variations 
observed are naturally induced, i.e., are within homeostatic control, or are an effect of trace 
element exposure. 
The lagoons located in the vicinity were initially included in this study to serve as 
reference sites, i.e., control sites without anthropogenic influence. Despite the fact that these 
lagoons were not receiving effluents from any industrial processes, nor from urban sewage, 
they surprisingly show trace element levels in water and sediments in the same range as those 
found for Mãe-Bá Lagoon (Table 6.1). Because of the measured lower content of some 
ligands (such as sulfate, bicarbonate, and chloride) in the waterphase, predictions from a 
speciation model indicated a higher trace element bioavailability in the nearby lagoons 
(Chapter two). The generally higher trace elements levels in invertebrates and fish livers, 
lower LSI values, and higher retinol and didehydroretinol confirm that biota from these 
lagoons are more exposed to bioavailable trace elements than biota from Mãe-Bá Lagoon 
(Table 6.1). Consequently, higher lipid peroxidation levels are observed in fish from the 
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nearby lagoons, although statistical significance is reached only for one species (H. 
malabaricus) (Table 6.1).  
It is well known that the measurement of trace element concentrations in the 
environment cannot generate sufficient information on the effects because the total absolute 
metal concentration alone does not reflect the degree to which these compounds affect the 
environment. To our knowledge, no previous study has applied a similar integrative 
methodology to assess the impacts of iron-ore mining and processing operations in tropical 
coastal lagoons. With classical geochemical methods we identified the main trace elements 
associated with the iron-ore mining and processing activities (Fe, Cu, As, and Hg) and the 
effects on trace elements speciation and bioavailability. With standard biological methods we 
selected Fe as the most important element and liver as a target organ in fish to assess possible 
toxicological effects. Most text books for ecotoxicology indicate schematic relationships 
between exposure to pollutants, biomarker responses at different organizational levels, and 
final effects on health status. The responses can range from minor biochemical or 
physiological responses in individual organisms to major toxicity in an individual, a species, 
a community, or an ecosystem. Our biomarker responses confirm that Fe is present in Mãe-
Bá Lagoon´s ecosystem, that it is available to fish, and that it has reached the livers in 
sufficient amounts for a period of time long enough to cause the observed biochemical 
changes. However, it is not clear from the results of this thesis if the biochemical changes are 
directly associated with liver oxidative damage. Further studies with a different sampling 
design, including “true” reference locations for comparisons, are necessary to assess more 
subtle relationships between fish exposure to Fe and toxicological effects. 
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CHAPTER SEVEN 
 
Summary and concluding remarks 
 
SUMMARY 
 
Iron-ore is the source of primary iron for the world's iron and steel industries. Almost 
all (98%) iron-ore is used in steelmaking. Australia and Brazil together dominate the world's 
iron-ore production, while China is the world’s largest iron-ore consumer. In Brazil, iron-ore 
mining is mainly located in the southeast. The area is also scattered with gold occurrence. In 
the past, artisanal small scale gold mining activities were frequent in this area. 
This study deals with activities of the iron-ore mining, concentration plant, and 
pelletizing plant operated by Samarco Mineração S/A. A pipeline (396 km long), transports 
the ore from the mining and concentration site (mixed with water) to the pelletizing plant at 
the coast. In this plant, the ore is separated from the water and the effluent goes to an artificial 
lake (North Dam). Periodically, this artificial lake overflows into Mãe-Bá coastal lagoon.  
The main objective of the work presented in this thesis was to investigate possible 
impacts of iron-ore mining and processing activities on local environmental levels of trace 
elements and possible consequences thereof for fish species of Mãe-Bá Lagoon, using a 
multidisciplinary approach. For comparisons we selected similar lagoons in the vicinity and 
not directly influenced by the iron-ore processing activities. Based on a series of field studies, 
the possible influence of iron-ore mining and processing activities on the release of metals 
and trace elements (Fe, Mn, Al, Zn, Cu, Cr, Ni, Pb, Cd, As, and Hg), speciation, and 
bioavailability was examined in different aquatic systems (rivers and coastal lagoons) 
(Chapter two). Furthermore, trace element levels were measured in invertebrates and fish to 
assess potential trace element bioaccumulation and trophic transfer, as well as potential risks 
to human health due to consumption of fish (Chapters two and three). Moreover, possible 
changes in biochemical markers of exposure and effects of trace elements were investigated 
in fish species from the coastal lagoons (Chapters four and five).  
The main findings of the studies presented in this thesis are: 
a) The mining and processing operations constitute a potential source of Fe, Mn, Cr, 
Cu, Ni, Pb, As and Hg to the Mãe-Bá coastal lagoon, based on dissolved trace element 
concentrations, total trace element levels in sediments, and geochemical normalization of 
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trace elements with fine sediment fractions (Chapter two). However, because of indication of 
reduced bioavailability in the mining and processing sites, as well as because of generally 
similar trace elements levels in water and sediments from Mãe-Bá Lagoon and from nearby 
lagoons, there is an indication that the periodical discharges from North Dam reservoir have a 
limited influence on trace element exposure levels at Mãe-Bá Lagoon (Chapter two).   
b) The water chemistry of Mãe-Bá Lagoon is different from the nearby lagoons, 
which is the reason for a lower predicted trace element bioavailability (Chapter two). This is 
in line with higher trace element concentrations found in invertebrates and fish from the 
nearby lagoons as compared to Mãe-Bá Lagoon (Chapters two, three, and four). This is also 
in line with oxidative stress responses, since higher lipid peroxidation was recorded in one 
fish species from the nearby lagoons as compared to Mãe-Bá Lagoon (Chapter four). 
c) Studies on trace elemental accumulation in sediments, invertebrates and fish using 
stable isotopes (δ13C and δ15N) for trophic level characterisation revealed a significant 
negative association between trophic level (given by δ15N) and trace element concentrations 
in invertebrates and fish, confirming the absence of biomagnification at Mãe-Bá Lagoon 
(Chapter three). 
d) Information on trace element concentrations in fish tissue revealed higher levels in 
liver compared to muscle and gill. Based on national and international standards for human 
consumption, fish muscle of all species studied from Mãe-Bá Lagoon is suitable for human 
consumption (Chapter three).  
e) No straight forward associations were found between the levels of hepatic trace 
elements in the fish species and biomarkers for oxidative stress, such as lipid peroxidation 
(malondialdehyde) and antioxidant status parameters (catalase, superoxide dismutase, and 
glutathione S-transferase). This was, at least, partly due to large inter-individual variation in 
read-outs for the oxidative stress parameters in the various fish species investigated (Chapter 
four).  
f) Investigations on possible effects of hepatic Fe levels on the levels of antioxidant 
vitamin A in the fish species studied showed interesting species-specific profiles of vitamin A 
derivatives. However, there was no evidence for a cause-effect linkage between exposure to 
iron-ore mining and processing effluents and effects on hepatic retinoid metabolism (Chapter 
five).  
The overall conclusion from the data described in this thesis, based on a limited 
number of individuals studied per species, is that the data do not support the presence of 
adverse effects on health and condition of fish species due to exposure to trace elements in 
 
 
124 
 
the lagoon directly influenced by periodical discharges from iron-ore mining and processing 
activities (Mãe-Bá Lagoon).  
 
CONCLUDING REMARKS 
 
This study was performed to investigate the possible impact of iron-ore mining and 
processing activities at the study site on aqueous environmental trace element levels and 
possible adverse impact on health and condition of fish species from the lagoon directly 
influenced by the mining and processing operations (Mãe-Bá Lagoon). 
For this purpose a multidisciplinary approach was followed, including several field 
studies, to investigate: 
a) Environmental trace element levels in water, sediments, invertebrates, and fish 
species. 
b) Trace element bioavailability, bioaccumulation, and trophic transfer between 
invertebrates and fish;  
c) Trace element levels in fish tissues as well as their possible associations with 
biomarkers of exposure and effects (oxidative stress and antioxidant parameters).  
Overall it can be concluded that the multidisciplinary approach taken was very useful 
in evaluating the possible impacts of iron-ore mining and processing activities on 
environmental levels of trace elements and their possible effects on biomarkers of exposure 
and effect in fish species from nearby tropical coastal lagoons.  
The interpretation of the overall study results is that, at present, there is no evidence 
for adverse effects on health and condition of the fish species studied in relation to trace 
elemental exposure in Mãe-Bá Lagoon. However, it should be noted that the interpretation of 
the results are hampered by the relatively large species-specific variations in biomarkers of 
exposure and effects on the one hand and the relatively low number of individuals per species 
caught and studied on the other hand. 
Possible further studies should include a higher number of individuals per species and 
include measures to further reduce or control inter-individual variation in parameters tested in 
order increase the statistical power and thus to allow for a more definite conclusion on 
possible adverse environmental impacts from iron-ore mining and processing on the study 
site. 
For continuous monitoring of the potential environmental impact of iron-ore mining 
at the study site and other similar locations, it is recommended to monitor environmental 
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levels of trace elements simultaneously with water quality characteristics, as well as 
investigating the trends in fish tissue levels of trace elements. 
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Aanwezigheid van sporen elementen in een tropische lagune aan de 
Braziliaanse kust, die effluenten ontvangt van ijzererts 
mijnbouwactiviteiten 
Geïntegreerde veldstudies gericht op milieuconcentraties, bio-beschikbaarheid en 
blootstelling en effecten hiervan in biota 
 
SAMENVATTING 
 
 IJzererts is the primaire grondstof voor the productie van ijzer en staal. Bijna alle 
ijzererts (98%) wordt hiervoor gebruikt. Australië en Brazilië zijn wereldwijd de grootste 
leveranciers van ijzererts, terwijl China de grootste verbruiker is van ijzererts. De 
belangrijkste locaties in Brazilië, waar ijzererts wordt gewonnen, liggen in het Zuidoosten. In 
dit gebied is verspreid ook veel gouderts aanwezig, met in het verleden veel kleinschalige 
goudwinning.  
Dit milieuonderzoek gaat over de winning, verrijking en bewerking van ijzererts in de 
pelletfabriek van Samarco Mineração S/A in Ponta Ubu. Met een 396 km lange pijpleiding 
wordt een slurry van ijzererts van het winningsgebied getransporteerd naar de pelletfabriek 
aan de kust. Op deze locatie wordt de erts van het water gescheiden en tot pellets verwerkt. 
Het effluent wordt geloosd in een kunstmatig meer (North Dam). Regelmatig stroomt dit 
meer over in de Mãe-Bá Lagune. 
 Het belangrijkste doel van de in dit proefschrift beschreven multidisciplinaire studie, 
was het onderzoek naar de mogelijke effecten van de winning en verwerking van ijzererts op 
de locale milieuconcentraties van sporenelementen en de mogelijke ecologische gevolgen 
daarvan voor vis in de Mãe-Bá Lagune. Ter vergelijking werden ook vergelijkbare 
nabijgelegen lagunes onderzocht, die niet direct werden beïnvloed door de lozingen van de 
verwerkingsfabriek. In een aantal veldstudies werd de mogelijke invloed onderzocht van  de 
uitstoot van metalen en sporenelementen (Fe, Mn, Al, Zn, Cu, Cr, Ni, Pb, Cd, As en Hg) op 
mileuconcentraties, de speciatie en de biologische beschikbaarheid in verschillende 
watersystemen (rivieren en lagunes) (Hoofdstuk 2). Daarnaast werden concentraties van 
sporenelementen bepaald in ongewervelden en vis om mogelijke bioaccumulatie en 
voedselketenoverdracht vast te stellen, alsmede mogelijke risico’s voor de volksgezondheid 
bij de consumptie van deze vis (Hoofdstuk 2 en 3). Tenslotte werden mogelijk sublethale 
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veranderingen via biochemische ‘markers’ voor blootstelling en effecten onderzocht in de 
verschillende vissoorten uit de lagunes (Hoofdstuk 4 en 5).  
De belangrijkste resultaten zijn: 
a) De mijnbouw en verwerkingsactiviteiten vormen een mogelijke bron voor Fe, Mn, 
Cr, Cu, Ni, Pb, As en Hg in de Mãe-Bá lagune. Dit kan afgeleid worden uit de opgeloste 
concentraties van deze sporenelementen in water en de concentraties in sediment (Hoofdstuk 
2). 
b) De samenstelling van het water in the Mãe-Bá Lagune verschilt van die in de 
nabijgelegen lagunes. Op grond hiervan werd een verlaagde biologische beschikbaarheid 
voor opname door organismen voorspeld (Hoofstuk 2). Dit was inderdaad in 
overeenstemming met de waargenomen hogere gehalten aan sporenelementen in 
ongewervelden en vis uit de nabijgelegen lagunes in vergelijking tot organismen uit de Mãe-
Bá lagune (Hoofdstuk 2,3 en 4). Eveneens was dit in lijn met de geconstateerde aanwijzingen 
voor oxidatieve stress. In één van de vissoorten werd een duidelijk verhoogde lipid 
peroxidatie vastgesteld in de Mãe-Bá Lagune (Hoofstuk 4). 
c) Bij de studies naar accumulatie van sporenelementen in sediment, ongewervelden 
en vis werd gebruik gemaakt van stabiele isotopen (δ13C and δ15N) voor de karakterisering 
van hun trofische niveau en de positie in het voedselweb. De gehalten aan sporenelementen 
in ongewervelden en vissen waren significant negatief gecorreleerd met het trofische niveau 
(afgeleid uit δ15N), hetgeen een bevestiging is van de afwezigheid van biomagnificatie in de 
Mãe-Bá Lagune (Hoofdstuk 3). 
d) Gehalten aan sporenelementen  in de lever van vis waren vrijwel steeds hoger dan 
in spierweefsel en de kieuwen.  De gehalten in alle beschouwde vissoorten voldoen aan 
nationale en internationale grenswaarden voor humane consumptie (Hoofdstuk 3).  
e) Er werden  geen eenduidige relaties tussen enerzijds de concentraties van 
sporenelementen in de lever van de verschillende vissoorten en anderzijds de  niveaus van 
biomarkers voor oxidatieve stress vastgesteld. De onderzochte biomarkers waren lipid 
peroxidatie (malondialdehyde) en de parameters voor de antioxidant status (catalase, 
superoxide dismutase en glutathion S-transferase). Dit kan verklaard worden door een grote 
inter-individuele variatie in de niveaus van de parameters voor oxidatieve stress in de 
onderzochte vissoorten (Hoofdstuk 4). 
f) Bij het onderzoek naar mogelijk effecten van de concentraties van Fe in de lever op 
de niveaus van  de antioxidant Vitamine A werden opvallende soortspecifieke profielen van 
Vitamine A en derivaten (retinoïden) gevonden.  Er werd echter in deze studie geen bewijs 
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gevonden voor een directe oorzaak-effect relatie tussen blootstelling aan effluent van winning 
en verwerking van ijzererts en effecten op het metabolisme van retinoïden in de lever 
(Hoofdstuk 5).   
Samengevat kan gesteld worden dat er geen concrete aanwijzingen zijn voor het 
optreden van negatieve effecten op gezondheid en conditie van de vissoorten als gevolg van 
de blootstelling aan sporenelementen in de lagune onder invloed van periodieke lozingen van 
de winning en verwerking van ijzererts (Mãe-Bá Lagune). 
 
SLOTOPMERKINGEN 
 
  Dit proefschrift beschrijft een studie naar de mogelijke effecten van de winning en 
bewerking van ijzererts op de blootstellingsconcentraties van sporenelementen in het 
watermilieu en mogelijke negatieve effecten op gezondheid en conditie van vissoorten in 
lagunes die direct door deze activiteiten worden beïnvloed (Mãe-Bá Lagune). Voor dit doel 
werd een multidisciplinaire benadering gevolgd. In verschillende veldstudies weren 
onderzocht: 
a) Milieuconcentraties van sporenelementen in water, sediment en verschillende 
soorten ongewervelden en vissen. 
b) De biologische beschikbaarheid, bioaccumulatie en mogelijke 
voedselketenoverdracht tussen ongewervelden en vissen. 
c) Blootstellingsconcentraties in weefsels en organen van vissen en mogelijke 
relaties met biomarkers voor blootstelling en effecten (oxidatieve stress en 
antioxidant status). 
Samenvattend kan vastgesteld worden, dat de multidisciplinaire benadering zeer goed 
Voldeed om de mogelijke gevolgen van winning en bewerking van ijzererts op 
omgevingsconcentraties van sporenelementen te onderzoeken, evenals de mogelijke effecten 
op biomarkers voor blootstelling en effecten in vissoorten uit nabijgelegen lagunes. Het 
overall beeld uit de resultaten van deze studie is dat er geen concrete bewijzen zijn voor 
negatieve effecten op de gezondheid en conditie van de onderzochte vissoorten in relatie tot 
blootstelling aan sporenelementen in de Mãe-Bá Lagune. Hierbij moet worden aangetekend, 
dat de interpretatie van de gegevens bemoeilijkt wordt door  enerzijds de grote 
soortspecifieke variaties in de respons van biomarkers voor blootstelling en effecten en 
anderzijds door het beperkte aantal individuen dat per soort bemonsterd kon worden. 
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Toekomstige studies, waarbij deze methodiek wordt toegepast moeten uitgaan van grotere 
aantallen individuen per soort en moeten maatregelen bevatten om te kunnen compenseren 
voor de mogelijke grote inter-individuele variaties van de parameters. Hierdoor kan het 
statistisch onderscheidend vermogen verbeterd worden. 
Voor de continue monitoring van mogelijke negatieve milieueffecten van de winning 
en bewerking van ijzererts, wordt aanbevolen om uit te gaan van simultane monitoring van 
sporenelementen concentraties, waterkwaliteitskarakteristieken en trends in de gehalten van 
sporenelementen in lichaamsweefsels van vissen. 
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Elementos traço em uma lagoa costeira tropical no Brasil que recebe 
efluentes da extração e processamento de minério de ferro 
Estudos integrados de campo sobre níveis ambientais, biodisponibilidade, exposição 
biológica e efeitos 
 
RESUMO 
 
Minério de ferro constitui a matéria-prima principal para as indústrias mundiais de 
ferro e aço. Quase todo minério de ferro (98%) é usado na produção de aço. Austrália e Brasil 
dominam a produção mundial de minério de ferro, e a China é o maior consumidor. No 
Brasil, a produção desse minério ocorre principalmente no Sudeste, na região conhecida 
como Quadrilátero Ferrífero. Nessa mesma região, há presença dispersa de ouro. No passado, 
atividades artesanais de mineração de ouro em pequena escala eram frequentes nessa área. 
Este estudo envolve as atividades de mineração, concentração e pelotização de 
minério de ferro operadas pela Samarco Mineração S/A. Durante essas atividades, o minério 
de ferro lavrado e concentrado é transportado na forma de polpa de minério (mistura de 
minério de ferro e água) por um mineroduto de 396 km até as plantas de pelotização, no 
litoral. Nessas plantas, o minério é separado da água e os efluentes resultantes são 
depositados em um lago artificial chamado Barragem Norte. Periodicamente esse lago 
transborda para a lagoa costeira chamada Mãe-Bá. 
O principal objetivo do trabalho apresentado nesta tese foi investigar possíveis 
impactos das atividades de extração e processamento de minério de ferro nos níveis 
ambientais de elementos traço e eventuais consequências às espécies de peixe presentes na 
Lagoa Mãe-Bá. Para tanto, uma abordagem multidisciplinar foi utilizada. Como base de 
comparação foram selecionadas lagoas semelhantes no entorno, que, no entanto, não eram 
impactadas diretamente pelas atividades de processamento de minério de ferro. 
Fundamentada em uma série de estudos de campo, esta pesquisa examinou a possível 
influência das atividades de extração e processamento de minério de ferro na descarga de 
metais e elementos traço (Fe, Mn, Al, Zn, Cu, Cr, Ni, Pb, Cd, As e Hg), especiação e 
biodisponibilidade em diferentes sistemas aquáticos (rios e lagoas costeiras) (Capítulo 
segundo). Adicionalmente, níveis de elementos traço foram medidos em invertebrados e 
peixes para se avaliar o potencial de bioacumulação e transferência trófica desses elementos, 
bem como os potenciais riscos à saúde humana em consequência do consumo de peixe da 
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Lagoa Mãe-Bá (Capítulos segundo e terceiro). Além disso, possíveis alterações em 
marcadores bioquímicos de exposição e efeito de elementos traço foram investigadas em 
espécies de peixes das lagoas costeiras (Capítulos quarto e quinto). 
As principais constatações dos estudos apresentadas nesta tese são: 
a) As operações de mineração e processamento de minério de ferro constituem uma 
fonte potencial de Fe, Mn, Cr, Cu, Ni, Pb, As e Hg para a Lagoa costeira Mãe-Bá, em 
decorrência dos níveis de elementos traço encontrados em água e sedimento (Capítulo 
segundo). Entretanto, devido à indicação de baixa biodisponibilidade de elementos traço nas 
áreas de mineração e processamento bem como nos níveis similares de elementos traço 
encontrados em água e sedimento da Lagoa Mãe-Bá e nas lagoas do entorno, há indicações 
de que as descargas periódicas da Barragem Norte têm influência limitada nos níveis de 
exposição de elementos traço na Lagoa Mãe-Bá (Capítulo segundo). 
b) A química da água da Lagoa Mãe-Bá é diferente da química da água das lagoas do 
entorno. Essa diferença justifica a previsão de menor biodisponibilidade de elementos traço 
na Lagoa Mãe-Bá em comparação com a das outras lagoas (Capítulo segundo). Isso é 
condizente com as concentrações mais altas de elementos traço encontradas em invertebrados 
e peixes das lagoas do entorno, quando comparadas com aquelas da Lagoa Mãe-Bá 
(Capítulos segundo, terceiro e quarto). É coerente também com os resultados de estresse 
oxidativo, uma vez que foi encontrada maior perioxidação de lipídios em uma espécie de 
peixe das lagoas do entorno em comparação com o que se encontrou na Lagoa Mãe-Bá 
(Capítulo quarto). 
c) Estudos da acumulação de elementos traço em sedimentos, invertebrados e peixes, 
feitos mediante a utilização de isótopos estáveis (δ13C e δ15N) para caracterização do nível 
trófico, revelaram uma associação inversa significativa entre nível trófico (dado por δ15N) e 
concentração de elementos traço em invertebrados e peixes, confirmando a ausência de 
biomagnificação na Lagoa Mãe-Bá (Capítulo terceiro). 
d) Dados de concentração de elementos traço em tecidos de peixes revelaram níveis 
maiores desses elementos no fígado do que no músculo e na brânquia. De acordo com normas 
nacionais e internacionais para consumo humano, músculos de todas as espécies de peixes 
estudadas na Lagoa Mãe-Bá são apropriados ao consumo humano (Capítulo terceiro). 
e) Não foram encontradas nas espécies de peixe estudadas associações diretas entre os 
níveis hepáticos de elementos traço e biomarcadores de estresse oxidativo, como peroxidação 
lipídica (malondialdeído) e atividade antioxidante (catalase, superóxido dismutase e 
glutationa S-transferase). Isso foi, pelo menos parcialmente, devido à grande variação 
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interindividual dos resultados dos parâmetros de estresse oxidativo nas várias espécies de 
peixe investigadas (Capítulo quarto). 
f) Investigação dos possíveis efeitos do Fe hepático nos níveis do antioxidante 
vitamina A nas espécies de peixe estudadas mostrou perfis interessantes de seus derivativos, 
específicos de cada espécie. Entretanto, não houve evidência da relação de causa e efeito 
entre a exposição a efluentes da extração e processamento de minério de ferro e os efeitos no 
metabolismo hepático de retinoides (Capítulo quinto). 
Os estudos desenvolvidos nesta tese, embora baseados em um número limitado de 
indivíduos por espécie, apontam que os dados obtidos não sustentam a indicação de efeitos 
adversos à saúde das espécies de peixe decorrentes da exposição a elementos traço na lagoa 
diretamente influenciada pelas descargas periódicas de efluentes da extração e processamento 
de minério de ferro (Lagoa Mãe-Bá). 
 
COMENTÁRIOS FINAIS 
 
Este estudo foi realizado para investigar in loco o possível impacto das atividades de 
extração e processamento de minério de ferro nos níveis de elementos traço em recursos 
hídricos e os potenciais efeitos adversos na saúde de diferentes espécies de peixe da lagoa 
diretamente influenciada por essas atividades (Lagoa Mãe-Bá). 
Com essa finalidade, foi utilizada uma abordagem multidisciplinar, incluindo-se 
diversos estudos de campo, para investigar: 
a) Níveis ambientais de elementos traço em água, sedimentos, invertebrados e 
peixes. 
b) Biodisponibilidade de elementos traço, bioacumulação e transferência trófica 
entre peixes e invertebrados. 
c) Níveis de elementos traço em tecidos de peixe e suas possíveis associações com 
biomarcadores de exposição e efeito (estresse oxidativo e parâmetros 
antioxidantes). 
Pode-se concluir que a abordagem multidisciplinar foi muito útil para avaliar os 
possíveis impactos das atividades de extração e processamento de minério de ferro nos níveis 
ambientais de elementos traço e seus efeitos em biomarcadores de exposição e efeito em 
espécies de peixe de lagoas costeiras tropicais do entorno. 
A interpretação dos resultados do estudo indica que, no momento, não há evidência de 
efeitos adversos à saúde das espécies de peixes estudadas em relação a sua exposição a 
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elementos traço na Lagoa Mãe-Bá. Entretanto, deve ser notado que a interpretação dos 
resultados é influenciada, por um lado, pela variação relativa elevada nos resultados de 
biomarcadores de exposição e efeito específicos de cada espécie e, por outro, pelo número 
relativamente pequeno de indivíduos coletados e estudados por espécie.  
Investigações futuras devem incluir um número maior de indivíduos por espécie e 
prever a adoção de medidas para reduzir ou controlar as variações interindividuais dos 
parâmetros testados de modo a aumentar o poder estatístico e assim permitir conclusões 
definitivas quanto aos possíveis impactos ambientais adversos da extração e processamento 
de minério de ferro no local estudado.  
Para o contínuo monitoramento do potencial impacto ambiental dessas atividades no 
local de estudo e em outros semelhantes é recomendado o monitoramento dos níveis 
ambientais de elementos traço simultaneamente com as características de qualidade de água 
bem como a investigação de tendências nos níveis de elementos traço em tecidos de peixe.  
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